DOCUMENT RESUME ¢ B}

ED 230 559 ‘ - ' ™ 820 491

1]

AUTHOR . Kingston, Neal M.; Dorans, Neil J.

TITLE. ‘ The Feasibility of Using Item Response Theory as a
Psychometric Model for the GRE Aptitude Test

INSTITUTION Educational Testing Service, Princeton, 'N.J.;

. . - Graduate Record Examinations Board, Princeton, M .
- 'N.J.

REPORT NO . ETS-RR-82-12; GREB-79-12P

PUB DATE Apr 82

NOTE . J168p.; Some tables may be marginally legible due to
small print.

PUB TYPE Reports - Research/Technical (143)

"EDRS PRICE MF01/PC07 Plus Postage.

DESCRIPTORS Aptitude Tests; *Graduate Study; Higher Education;

*Latent Trait Theory; *Mathematical Models;
Psychometrics; Standardized Tests; *Statistical
‘ " Analysis; *Testing Programs; *Test Items
IDENTIFIERS *Graduate Record Examinations; Robustness; Three
: + Parameter Model

ABSTRACT v
: The feasibidity of using item response theory (IRT)
as a psychometric model for the Graduate Record Examination (GRE) .
Aptitude Test was addressed by assessing the reasonableness of the ‘
assumptions of item response theory for GRE item types and examinee
populations. Items from four forms and four administrations of the
GRE Aptitude Test were calibrated using -the three-parameter logistic
item response model. Three equating methods were compared in this
research: equipercentile equating, linear equating, and item response
theory true score equating. Various data collection designs (for both
IRT and non-IRT methods) and several item parameter linking
procedures (for the IRT equatings) were employed. The IRT methods
produced quantitative scaled score means and standard deviations that
were higher and lower, respectively, than those produced by the
linear and equipercentile methods. The most notable finding in the
analytical equatings was the sensitivity of the precalibration design
(used only for the IRT equating method) to practice effects on
analytical items, particularly for the analysis of explanations item
type. Since the precalibration design is the data collection method
most appealing (for administrative reasons) for equating the GRE .
Aptitude Test in a test disclosure environment, this sensitivity
might present a problem for any equating method. (PN)

khkhkkhhhkhkhhkhkkhkhkhhhhhhhhhghhhhhhhhhhkhkhkhhhkhhhhkhkhkhhhhkhkhkhkhkkkhkkhkx

* Reproductions supplied by EDRS are the best that can be made *

* from the original document. *
***********************************************************************




U.S. DEPARTMENT OF EDUCATION
NATIONAL INSTITUTE OF EDUCATION
FOULATIONAL BRESOURCES INFORMATION
CENTER BRI
)( This docment bas heen reprodusc e as

ausyed lrom the person of afganizahon

Greprating
Miriof - hareges Haysy besn mmade o mproye
reprodine ton Guahlty

® Pount, ol pew or opininns stater] i this dncu
cnent deo o) e easarily tepresent otfioa NiE

pasition or pobey

“PERMISSION TO REPRODUCE THIS
MATERIAL HAS BEEN GRANTED BY

H.Wdipuw”&r

TM 1o 9/

TO THE EDUCATIONAL RESOURCES'
INFORMATION CENTER (ERIC) ”

LS . Lo ) . \ .
THE FEASIBILITY OF USING ITEM RESPONSE
THEORY AS A PSYCHOMETRIC MODEL FOR
THE GRE APTITUDE TEST
Neal M. Kingston )
, and
| Neil J. Dorans
i
i
! . GRE Board Professional Report GREB No. 79-12P

i | o

ETS Research Report 82-12

April 1982

This report presents the findings of a
research project funded by and carried
out under the auspices of the (Graduate
Record Examinations Board.




! GRE BOARD RESEARCH REPORTS -

. FOR GENERAL AUDIENCE

Altman, K. .A. and Wallmark, M. M. A Summary

of Data from the Graduate Programs and
Admissions Manual. GREB No. 74-IR,

Januaty 1975,

Baird, L. L. An “Inventory of Documented
Accomplishments. GREB No. 77-3R, June
1979.

kS
BRaird, L. L. Cooperative Student Survey
(The Graduates [$2.50 each], and
Careers and Curricula). GREB No.
7(—~4K, March 1973,

Baird, 1.. I.. The Relationship Between
kKatings ot Graduate Departments and
Faculty Publication Rates. GREB No.
77-2aR, November 198u,

Baird, L. L. and Knapp, J. E. The Inventory
of Docudiented Accomplishments for
Graduate Admissions: Results of a
Fleld Trial $tudy of Its Reliabilirey,
Short-Term Correlares, and Evaluation.
GREB M. 78-3R, August 1981,

Burus, K. L. Graduate Admissions and
Fellowship Selection Policies and
Procedutes (Part I and LI). GREB No.
69-5R, July 1970,

tentra, J. A. How Universities Evaluate
Faculty Performance: A Survey
ot Department Heads. GREB No. 75-5bK,
Julv 1977, (%1.50 each)

Centra, J. A. Women, Men and the Doctorate.
GREB No. 71-1UR, September 1974,
(53.54 each)

Clark, M. J. The Assessment of yuality in 4

{ Ph.b. Prugrams: A Preliminary
Report on .Judgments by Graduate
Deans. GREB No. 7Z2-7aR, October
1974,

(lark, M. J. Program Review Practices of
fniversity bDepartments. GREB No.
75-%5aR, July_ 1977, ($1.00 each)

wyore, R. and McPeek, M. A Study oi the
Loutent ot Three GRE Advanced Tests.
GKEB Ne. 7H-4R, Mazch 1982.

O oovtou, . k. Annotated Bibliography ot
Tent speededness. GREB No. 76-9R, June
1979,

Flaavther, K. L. The New Detinitions ot Test
Fafrness In Selection: Developments
and Implications. GREB No. 7Z2~«R, May
1974,

anrtnd, K. 9. Annotated Bibliography of tne

Graduate Record kxaminations. July

1979.

Frederiksen, M. and ward, W. (. Measures
tor the Study ot Creativity in
Screntitic Problem=-bolving. May
1978,

Hartnett, R. 1. Sex Difterences in the
Environments ot Graduate Students and
Faculty. GREB No. 77-2bR, March
1941.

Hartnett, R. T. The Information Needs of
Prospective Graduate Students. GREB
No. 77-8R, October 1979.

Hartnett, R, T. and Willingham, W. W. The
,Criterion Problem: What Measure of
Success in Graduate Education? GREH

No. 77-4R, March 1979.

Knapp, J. and Hamilton, I.! B. The Effect of
Nonstandard Undergraduate Assessment
and Reporting Practices on the Graduate
School Admissions Process. GREB No.
76-14R, July 1978.

Lannholm, G. V. and Parry, M. E. Prugrams
for Disadvantaged Students im Graduate
Schools. GREB No. 69-1R, January
1970. .

Miller, R. and Wild, C. L. Restructuring
the Graduate Record Examinations
Aptitude Test. GRE Board Technical
Report, June 1979.

;

Reilly, R. R. Critical lncidents ot
GCraduate Student Performance.

GREB No. 70-5R, June 1974,

Rock, D., Werts, C. An Analysis of Time
Related Score Increments and/or Decre-
ments for GRE Repeaters across Ability
and Sex Groups. CREB.No. 77-9YR, April
1979.

Rock, D. A. The Prediction of Doctorate
Attainment in Psychology, Mathematics
and Chemistry. GREB No. 69-6aR, June
1974,

Schrader, W. B. GRE Scores as Predigtors of
Career Achievement in History. GREB
No. 76-1bR, November 1980.

-’

Schrader, W, B, Admissions Test Scores as
Predictors ofVCareer Achievement in
Psychology. GREB No. 76-laR, September
1978. :

Swinton, S. S. and Powers, D. E, A Study
of phe Effects of Special Preparation
on GRE Analytical Scores and ltem Types.
GREB No. 78-2R, January 19Ys/.

wild, C. L. Summary ot Research on
Restructuring the Graduate Record
Examinations Aptitude Test. February
1979. :

wild, C. L. and burso, R. Ettect of
Increased Test-Taking Time on Jest
Scores by Ethnic Group, Age, and
Sex. GREB No. 76-6R, June 1979.

Wilson, K. M. The GRE Cooperative Validity
Studies Project. GREB No. 75-BR, June
1979.

Wiltsey, R. G. Doctoral Use of Foreign
Languages: A Survey. GREB No. 7u-14R,
1972, (Highlights $1.00, Part I $2.0u0,
Part II $1.50).

Witkin, H. A.; Moore, C. A", Ultmun? P. K.,
Goodenough, D. R.; Friedman, F.; and
Owen, D. R. A Longitudinal Study
of the Role of Cognitive Styles in
Academic Evolution During the College
Years. GREB No. 76-10R, February 1977

' ($5.00 each).




THE FEASIBILITY OF USING ITEM RESPONSE THEORY
AS A PSYCHOMETRIC MODEL FOR THE GRE APTETUDE TEST

|
Neal M. Kingston
and
Neil J. Dorans
GRE Board Professional ReportacREB No. 79-12P
April 1982°
&

. ) 3

|
|
Copyright(:)l982 by Educational Testing Service. All rights reserved. .
i




Abstract

N

The feasibility of using item response theory as a psychometric model
for the GRE Aptitude Test was addressed by assessing the reasonableness of
the assumptions of item response theory for GRE item types and examinee
populations. Items from four forms and four administrations of the '
GRE Aptitude Test were calibrated using the three-parameter logistic
item response model (one form was given at two administrations and one
administration used two forms; the exact relationships between.forms and
administrations are given in Test Forms and Populations section of this
report). i ‘

The unidimensionality assumption of item response theory was addressed
in a variety of ways. Previous factor analytic research on the GRE
Aptitude Test was reviewed to assess the dimensionality of the test and to
extract information pertinent to the construction of sets of homogeneous '
items. On the basis of this review, separate calibrations of discrete
“verbal items and reading comprehension items were run, in addition to
calibrations on all verbal items, because two strong dimensions on the
verbal scale were identified in the factor analytic research.

Local independence of item responses is a consequence of the unidimen-
sionality assumption. To test the weak form of the local independence
condition, partial correlations, both with and without a correction for
guessing, among items with ability partialled out were computed and factor
analyzed. Violations of local independence were observed in both verbal
item types and quantitative item types. These violations were basically
consistent with expectations based on the factor Aanalytic review.

Fit of the three-parameter logistic model to GRE Aptitude Test data
was assessed by comparing estimated item-ability regressiong, i.e., item
response functions, with empirical item-ability regressions. The three-
parameter model fit all verbal item types reasonably well. .The fip to
data interpretation items, regular math items, analytical reasoning items,
and logical diagrams items also seemed acceptable. The model fit
quant itative comparison items least well. The analysis of explanations
item type was also not fit well by the three-parameter logistic model.

The stability of item parameter estimates for different samples was
assessed. Item difficulty estimates exnibited a large degree of stability,
followed by item discrimination parameter estimates. The hard-to-estimate
lower asymptote or pseudoguessing parameter exhibited the least temporal
stability.

The sensitivity of item parameter estimates to the lack of uhidimen-
sionality that produced the local independence violations was examined.
The discrete verbal and all verbal calibrations of discrete verbal
items produced more similiar estimates of item discrimination than the
reading comprehension and all verbal calibrations of reading comprehension
items, reflecting the larger correlations that overall verbal ability
estimates had with discrete verbal ability estimates. As compared to item
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discrimination estimates, item difficulty estimates exhibited much less
-sensitivity to homogeneity of item sets. The estimates of the lower
asymptote were, for the most part, fairly robust to homogeneity of item
calibration set.

The comparability of ability estimates based on ‘homogeneous item setg
(reading comprehension items or discrete verbal items) with estimates based
on all verbal items was examined. Correlations among overall verbal

ability estimates, discrete verbal ability estimates, and reading compre- ‘ » 'y
hension ability estimates provided evidence for the existence of two
distinct, highly correlated verbal abilities that can be combined to »

produce a composite ability that resembles the overall verbal ability
defined by the calibration of all verbal items together.

Three equating methods were compared in this research: equipercentile
equating, linear equating, and item response thebry true score equating.
Various data collection designs (for both IRT and non-IRT methods) and
several item parameter linking procedures (for the IRT equatings) were
employed. The equipercentile and linear equatings of the verbal scales
were more similar to each other than they were to the IRT equatings. The
degree of similarity among the scaled score distributions produced by the
various equating methods, data collection designs, and linking procedures
was greater for the verbal equatings than for either the quantitative or
analytical equatings. In almost every comparison, the IRT methods -
produced quantitative scaled score means and standard deviations that were
higher and lower, respectively, than those produced by the linear and
equipercentile methods. The most notable finding in the analytical
equatings was the sensitivity of the precalibration design (in this stédy,
used only for the IKRT equating method) to practice effects on analytical
items, particularly for the analysis of explanations item type. Since the
precalibration design is the data collection method most appealing (for
administrative reasons) for equating the GRE Aptitude Test in a test
disclosure environment, this sensitivity might present.a problem for any
equating method. -

In sum, the item response theory model and IRT frue score equating,
using the precalibration data collection design, appear most applicable to
the verbal section, less applicable to the quantitative section because of
possible dimensionality problems with data interpretation items and
instances of nonmontonicity for the quantitative comparison items, and -
least applicable to the analytical section because of severe practice
effects associated with the analysis of explanations item type. Expected
revisions of the analytical section, particularly the removal of the .
troublesome analysis of explanations item type, should enhance the fit and
applicability of the chree—parameter model to the analytical section.
Planned revisions of the verbal section should not substantially affect the
satisfactory fit of the model to verbal item types. The heterogeneous
quantitative section might present problems for item'response theory. It .
must be remembered, however, that these same (and other) factors that
affect IRT based equatings may also affect other equating methods.

«
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INTRODUCTION

The use of item response theory as a psychometric model for the GRE
Aptitude Test can provide a powerful set of statistical tools for analysis
of items and tests, maintenance of score scales via equating, and development
of better and more efficient test forms (Cowell, 1979; Hambleton and Cook,
1977; Hambleton, 1980; Lord, 1977, 1980a; Marco, 1977; and Warm, 1978).
Determination of the applicability of IRT methods to the GRE Aptitude Test
requires an assessment of the psychometric feasibility of using IRT as a
mathematical model for item responses on the GRE Aptitude Test. Psychometric
feasibility can be addressed by examining the rgasonableness and importance
of the underlying assumptions of IRT for GRE populations and item types.
The present research addresses the reasonableness of these assumptions and
the robustness of IRT methods to violations of these assumptions.

“

Assumptions of Item Response Theory

Item response theory provides a mathematical expression for the
probability of success on an item as a function of a single characteristic
of the individual answéring the item, his or her ability, and ‘multiple
characteristics of the item. This mathematical expression is called an
item response function. Both on psychometric grounds and for reasons of
tractability, a reasonable mathematical form for the item response function
of a multiple choice item is the three-parameter logistic model,

1l -c¢
() p@=c + 5
| + e -1.7 ag (6 - bg)

where ’
P (9) is the probability that an examinee with ability Y answers

8 item g correctly, N
e is the base of the system of natural-logarithms approximately

equal to 2.7183,

ag is a4 measure of item discrimination for item g,
bg is a4 measure of item difticulty tor item g, and
c is the lower asymptote of the item response curve, the probability

5 of very low ability examinees answering item g correctly.

In equation (1), 8 is the ability parameter, a characteristic of the
examinee, and a _, b' and ¢ are item parameters that determine the shape
of the item res%onsb functfon (see Figure 1).
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One of the major assumptions of IRT embodied in equation (1) is that
the set of items under study is unidimensional, i.e., the probability of
successful response by examinees to a set of items can be mwodelled with
only one ability parameter, 6. The second major assumption embodied in
equation (1) is that the probability of successful performance on an item
can be adequately described by the three-parameter logistic model.

One consequence of the unidimensionality assumption is the mathe-
matical concept of local independence. There are two forms of local

independence, weak and strong. The strong form can be stated as:

n

(2) Prob (V = vi8) = ¢ p (e)“g Q (9)1_ug , where
- - 1 g . 8
g.
M is a vector random variable of binary responses (right or wrong)
‘ for the n items,
v "is a particular vector response pattern,

ly




@  1s the ability levgy

ug 1s an examinee’s binar} response to item g, either 1 or O,

P (8) is the probability of a correct response for an examinee of .
8 ability ©, i

Q (8) is 1 - P (8), the probability of an incorrect response for an -
8 examineeBof ability 6, and .

n is the number of items on the test. ' .
This form is equivalent to saying that, at each ability level, iteu. responses

are statistically independent. The weak form of’ local independence states
that at each 8, item responses are uncorrelated.

Assessing the Reasonableness of the Assumptions

A major purpose of the present research is to assess the reasonable-
ness of the assumptions of IRT for GRE item types and populations. There
is wide agreement (Bejar, 1980; Hambleton, Swaminathan, Cook, Eignor, &
Gifford, 1978; Lord, 1980a) that no single method exists for conclusively
determining whether a set of responses to a set of items is unidimensional.
Consequently, a variety of approaches were employed to assess the dimen—
sionality assumption. '

Review of pertinent factor analytic research. Four factor analytic
research studies conducted on the GRE Aptitude Test were reviewed in order
to assess the dimensionality of the test and to extract information -
pertinent to the construction of sets of homogeneous items. These studies
were also examined to extract hypotheses about the GRE Aptitude Test that .
could be tested at later stages of the research. ' :

4

Weak form of local independence. As stated earlier, local independ-
ence among items is a mathematical consequence of the unidimensionality
assumption. If responses to a set of items are unidimensional, these
responses are statistically independent at a given level of ability.

The local independence condition was tested by computing r the .
tetrachoric correlation between items g and h with estimat 8 partialled
out (Warm, 1978, p. 101), for évery pair of items in sets of apparently
homogeneous items. These correlations were computed both with and without
a correction for guessing (Carroll, 1945). The partial correlations were
examined to- identify items with large positive correlattons. The matrices
.of the partial correlations were then factor apalyzed. Results of this
semi-nonlinear factor analysis were compared with previous linear factor
analytic results. Hypotheses were generated to explain these results.

Item-ability regressions. The item response function obtained from

the estimated item parameters can be viewed as an estimation of the
theoretical form for the regression of ftem score (1l = a correct response,




® = an incorrect response) onto underlying ability. In other words, the
item response function describes expected item performance as a function
of ability. Actual item performance for a given estimated ability level
was obtaired from the data and plotted for various levels of ability to

approkimate an empiéﬁcal item-ability regression (Hambleton, 1980; Stocking, °

1980). Visual inspection of how closely the estimated item—-ability
regression captured the empirical ftem-ability regression provided informa-
tion about how well the three-parameter logistic model fit the data.
Comparison of item-ability regressions for items calibrated in both
homogeneous sets (e.g., all reading comprehension items) and heterogeneous
sets (o.g., all verbal items) was of particular interest.

Comparisons based on homogeneous and heterogeneous subsets of items.
In addition to visual inspection of the estimated and empirical item-
ability regressions, examination of the comparability of item parameter
estimates was used to assess the et fects of heterogeneity on the fit of
the logistic model. Correlations between item parameter estimates for the
same items calibrated in a homogeneous set and in a heterogeneous set were
computed to index the degree of similiarity between the item-ability
regressions. Mean differences between item parameter estimates also
provided intormggion about the relative fit of the logistic model for sets

of homogéneous fnd heterogeneous items.

Position or practice eftect. The unidimensionality assumption
implics that the only systematic influences on item performance are the
individual’s ability and characteristics ot the item. Given knowledge of

an individual’s ability, knowledge about that individual’s performance on

one item does not add any intormation tor torecasting that individual’s
performance on another item. In other words, sincé ability and item
characteristics are the only systematic influences on item performance,
knowledge ot that individual’s performance on other items is superfluous.

Oné practical consequence ot the unidimensionality assumption is that item
position should have no eftect on item performance because, if item position
atfected item performance, then something other than ability would be

having a systematic effect on item performance. In short, if there 1is a
position eftect or practice etfect on item performance, the unidimensionality
assumption (s violated. In the present research, the same items appeared

{n two ditferent locations on two forms of the GRE Aptitude test, enabling

us to ascertain whether a position effect existed.

Practice effect, though a problem stemming from data collection
design, can have a major impact on the equating of test forms. Practice
ef fect can occur when items appear in the second section of the same item
type. Also, a general effect, perhaps induced by fatigue, might occur on
any items appearing late in a test. Any such systematic bias might not
appear when the item was later used in another position in an operational
sect fon of the test, which would contribute to an incorrect equating.
This problem will exist (though not necessarily to the same extent) with
any equating method that makes use of data collected in one portion of Qpe
test to equate scores based on a different portion of the test.

‘
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‘ This report examines the impact of practice effect on IRT true score.
equating. Practice effects are dnalyzed in greater detail inxanother
research report (Kingston & Dorans, 1982) o st

¢

x »

»Robustness of IRT Equdting to Violations of Assumptions <. N

~ Few mathematical models ever fit. the data completely "~ The three-
parameter' logistic model ‘will not completely explain expected item
peq‘ormance on the: GRE Aptitude Test any more than '..."a heavy point

" 'swinging without friction on a weightless string (which) never existed

in the real world, but at a certain stage of the process of ‘knowledge ...
is a very useful model of a pendulum” (Rasch 1960). The various methods

" of assessing the fit of the model described in the section on reasonableness

of IRT assumptions provided us with knowledge about the degree to which
the model fits the data. This knowledge is synthesized with the results
of » the equatings in the last section .of this report.

[
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REVIEW OF FACTOR ANALYTIC RESEARCH
Four factor analytlc‘research studies conducted on the GRE Aptitude
Test were reviewed in order to assess the dimensionality of ‘the test
and to extract information pertinent to the construction of sets of
homogeneous items. The four studies are:

+I. Powers, D. E., Swinton, §. 5., & Carlson, A. B. A factor
' analytlc ‘study of the GRE Aptitude Test, GRE Board

Professional Report GREB No 75-11P, September 1977. ' LI
II. Powers, D. E., Swinton, S. S., Thayer, D., & Yates, A.,
. N ¥
A factor analytic investigation of seven experimental :
analytical item types, GRE Board Professional Report GREB
No 77~-1P, June 1978. ) . ‘.

III. Swinton, S. S., & Powers, D. E. A factor analytic study of
the restructured GRE Aptitude Test, GRE Board Professional »
Report GREB No 77-6P, February 1980.

~

Iv. Reck, D. A., Werts, C., & Grandy, J. Construct validity
of the GRE across populations—---an empirical confirmatory
study. Draft Report, 1980. . '

The first three studies involved factor analyses conducted at the item » .
‘level on interitem tetrachoric correlations; the third study also involved

a factor analysis at the level of item parcels, i.e., items grouped together
.on the basis of item difficulty and nominal item type, e.g., analogies.
Joreskog's (1978) confirmatory factor analysis model was used in the

fourth study where the factoring was conducted on correlations among

nominal item type parcels.

®

Study I

The stated purposes of the Powers, Swinton, and Carlson (1977) study
were to determine the factor structure of the preanalytical GRE Aptitude
Test and to determine the structure of several experimental tests by
relating each of these tests to the structure of the operational GRE
Aptitude Test. At that time, the operational GRE Aptitude Test was given

in three separately timed sections: ’ .
I. Discrete verbal (25 minutes) (55 items) .
- analogies (18 items) .

- antonyms. or opposites (20 1tems)

. - sentence completions (17 items)

I5. Reading compreheneion (50 minutes) ' ‘ (40 items)

III. Quantitative (75 minptes)‘ (55 items)

- regular math ' (40 items)

- data interpretation (15 items)




The experimental tests were composed of either reading comprehension)
items, regular math items, data interpretation items, or quantitative
r comparison items, which at that time was an experimental item type.

Powers et al. (1977) identified three global factors, one associated
with each section of the test: general quantitative ability, general
verbal ability or reading comprehension, and vocabulary or discrete
verbal ability. In addition, they. identified smaller factors including

. a data interpretation factor, speed factors, and a ‘technical reading .
comprehension factor. . l, . <
+ They used Dwyer (1937) extension analyses to extend factors from

the space of the operational GRE Aptitude Test into the space of the
experimental items. and then examined residuals. They found that the
quantitative comparison items were better explained by the general
quantitative ability factor than were the data interpretation items ’
already in the quantitative section. 1In addition, they found that
the experimental scientific or technical reading gomprenhension items
were not well explained by the two global verbal ability factors of
reading comprehension and vocabulary. ' .

[

Studz II1
»~*

The stated purposes of the Powers, Swinton, Thayer, and Yates (1978)
study were to assess, from a factor analytic point of view, the relation-
ships between two preanalytical versions of the GRE Aptitude Test and
seven experimental abstract reasoning or analytical item types and to
replicate the factor structure uncovered by Powers et al. (1977).

They identified three global factorsfon the operational GRE Aptitude
Test: general quantitakgive ability, rea 1ng comprehension or connected
discourse, and vocabulary or discrete verbal ability. -In addition they
noted some smaller factors including a data interpretation factor, speed-
factors on the verbal sections, and a specific content reading comprehen-
sion factor. The results of Dwyer extension analyses of these operational
factors into the space of each type of analytical item revealed that the
logical diagrams and analytical reasoning items tended to load more on the
. quantitative factors than did the analysis of explanations items, which

appeared to be the most complex of these three types of analytical .

v

) items.
) - -
¥
« Study III )
Since the GRE IRT feasibility research was conducted on the current
? restructured version of the GRE Aptitude Test, the recently completed

Swinton and Powers (1980) factor analysis of the restructured GRE Aptitude
Test is the most pertinent of the four factor analytic stidies. Forms
ZGR1l and ZGR2, the first forms containing analtyical items on an opera-
tional basis, were studied by Swinton and Powers to provide a factor
analytic description of the new restructured test and to compare this




structure to the factor structure of the former test. There are four
separately timed operational sections of the restructured GRE Aptitude
Test:

I. Verbal ability-(50 minutes) (80 items) ~
) - discrete verbal (55 items)
- reading comprehension , (25 items)

II. Quantitative ability (50 minutes) ‘ (55 items)
- quantitativé comparison : (30 items) .
- data interpretation & regular math (25 items)

III. Analytical-ability (25 minutes) (40 items)
- analysis of explanations (40 items)

IV. Analytical aBility (25 minutes) L (30 items)
- logical diagrams
- analytical reasoning

Both item level analyses and analyses based on item parcels-were
performed. First, Swinton and Powers (1980) factored analytical items
alone and identified, after a varimax rotation (Kaiser, 1958), six factors:
one logical diagrams factor, three analysis of explanations factors, a
speed factor, and an analytical reasoning factor. Visual inspection of a
plot of eigenvalues from analytical item tetrachoric correlation matrices
with communality estimates in the diagonal reveals that Swinton and
Powers may have overfactored. On the basis of these plots, it appears .
that one, maybe two, factors would have been sufficient for the purpose
of describing the major dimensions of the af¥lytical section.

Next,, Swinton and Powers factored the reduced tetrachoric correlation
matrix for all items together and identified four major factors: reading
comprehension or general verbal ability, vocabulary or discrete verbal
ability, difficult quantitative and easy quantitative. In addition, they
identified four smaller factors: a data interpretation factor, a technical
reading comprehension factor, and two factors dealing with analytical
items. Again, from visual inspection of the eigenvalue plots, it would
appear that only four factors are needed to represent thé important
dimensions of the test. -

On the basis of these item level analyses, item parcels were con- o
structed using nominal item type, item difficulty, and in some cases,
e.g., the analysis of explanations items, item response key as facets.
For example, the 20 antonym items were clustered into five unique parcels 4
composed of four items each and these five item parcels differed in
difficulty. A total of 53 item parcels were constructed. The purpose
of constructing item parcels is to avoid some of the problems associated
with the factoring of binary data, such as the appearance of item difficulty
factors and the instability of tetrachorics. Constructing parcels that
.differed in mean difficulty, however, may have defeated ome purpose of
constructing the parcels. )
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In their factor analysis of the 53 item parcels, Swinton and Powers'
varimax factors were called verbal reasonigg, quantitative, and vocabulary,
while the remaining three varimax factors were called technical rééding
comprehension, data interpretation, and analytical. The six oblimin
(Jennrich & Sampson, 1966) factors were called easy items, quantitative,
vocabulary, technical reading comprehension, data interpretation, and
analytical. Easy items is obviously a difficulty factor. Finally, the
geoplane (Yates, 1974) solution produced a reading comprehension and
sentence completion factor, a general quantitative factor, a vocabulary
factor, an analytical factor, a data interpretation and technical reading
comprehension factor, and an easy quantitative factor.

Study 1V

To assess the construct validity of the restructured GRE Aptitude
Test, Rock, Werts, and Grandy (1Y80) employed Joreskog's (1978) confirma-
tory factor analysis model to evaluate various psychometric models for the
GRE Aptitude Test by testing progressively more restrictive hypotheses
about the relationships between observed scores and underlying true scores
or factor scores. Their analysis was performed at the level of nominal
“item type; 20 scores were produced, odd-even half scores for each of
the 10 nominal 1Cems'cypes.c Since nominal item type score was the level
of analysis, their report does not have direct implications for the
evaluation of the dimensionality of items. The report, however, is
indirectly relevant. :

In particular, examination of the 20-by-20 correlation matrix for
these 20 odd-even item type scores is informative. The discrete verbal
or vocabulary scores all correlate highly. The two reading comprehension,
the two quantitative ,comparisons, and the six analytical all correlate

.highly. The two data interpretation scores tend to have the lo¥qsc
correlations with all other scores.

Szngggsis

The difficulty factor problem. Before synthesizing these four
studies and discussing their implications for GRE IRT equating research,
a brief discussion of the perils of using factor analytic techniques with
. binary data is appropriate.

)

The common factor model (Thurstone, 1947) is frequently employed to
assess the dimensionality of a test or set of tests. It is a model that
postulates a linear relationship between observed-attributes, such as
those measured by tests, and underlying basic attributes or factors.

The appearance of "difficulty factors” compl{caCes the application
of factor analytic techniques to binary data such a& multiple-choice
items. The difficulty factor problem has long been recognized in the
psychometric literature. McDonald (1967) presents a brief review of the
difficulty factor literature, mentioning work by Guilford (1941), Ferguson
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(1941), wherry and Gaylord (1944), Carroll (1945), Gourlay (1951), and
Gibson (1959, 1960) among others. Guilford obtained a factor that was
related to item difficulty in his analyses of the Seashore Test of Pitch
Discriminations. Ferguson demonstrated that a matrix of phi coefficients
for homogeneous items, i.e., items measuring the same ability, would have
a rank’'greater than one if items differed widely in difficulty, Wherry
and Gaylord concluded that the appearance of Ferguson’s difficulty factor
was due to use of the wrong correlation coefficient and recommended use of
the tetrachoric correlation for factoring binary data. Both Carroll and
Gourlay indicated conditions under which tetrachorics might yield a
difficulty factor. Cdrroll demonstrated that, under guessing conditions,
the obtained correlation of tests or items decreases as the tests or items
become less similar in difficulty and that the obtained correlation
between pairs of items decreases as their average difficulty becomes
greater. Gibson claimed that difficulty factors can be considered caused
by the nonlinear regression of tests on factors. The point of this brief
review is to demonstrate that difficulty factors are a problem to contend
with when interpreting the results of factor analytic studies.

Dif ficulty factors appeared in the Swinton and Powers (1980) factor
analysis of the restructured GRE Aptitude Test. The varimax rotation of
the unrotated factor matrix, obtained from factoring the reduced tetrachoric
correlation matrix among all items, produced a difficult quantitative
factor and -an easy quantitative factor. On the basis of these results,
the authors used item difficulty as a facet in the construction of item
parcels. As a consequence, difficulty factors appeared in both the
oblimin and geoplane solutions. The appearance of these difficulty
factors complicates the interpretation of the results. For the purpose of
constructing sets of homogeneous items for the present research, it seemed
reasonable to ignore these difficulty factors since the three-parameter
logistic IRT model allows for differential difficulty among items.

Implications for GRE IRT feasibility research. Despite the interpre-
tative complications induced by the appearance of difficulty factors, the™
Swinton and Powers study of the restructured GRE Aptitude Test had definite
implications for the construction of sets of homogeneous items for the
GRE IRT equating research. Along with the other three factor analytic
studies, this study provided strong evidence ,for the existence of three
large global factors: general quantitative ability, reading comprehension
or general verbal reasoning, and vocabulary. An obvious implication of
this finding is that separation of reading comprehension items from other
verbal items would produce two sets of items that are more hdﬁogeneous“
than the original set of all verbal items.

Swinton and Powers provided evidence for the multidimensionality

of the analytical scale. They retained six factors for orthogonal rotation.
While perhaps six factors are necessary to explain the bulk of the score
variance, it is likely that only one or two of these factors represent

ma jor psychological dimensions. ‘The factor analysis&pf the item parcels
supports this parsimonious position because it prqducé% a single analytical
factor despite the fact that item response choice was one of the facets
used in the construction of item parcels. If there are two analytical

x
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factors, one is probably a quantitative factor and the other is probably a
verbal factor. Examination of the rotated factor patterns revealed that
the analytical items loaded highly on .both the quantitative and verbal
factors.

. The identification of a single small analytical factor in the factor
analysis of item parcels suggested that separation of analytical item
types into more homogeneous sets is unnecessary. On the other hand, the
fact that the analytical items loaded highly on the quantitative and
verbal factors, particularly reading comprehension, suggested that these
items are complex. Unfortunately, the fact that the items load on both

., quantitative and verbal factors would have made it difficult to construct

sets of more homogeneous items. In light of this difficulty and the fact
that the composition of the analytical section was under revision, a
decision was made to focus on the quantitative and verbal sections and to
ignore the analytical section for the most part.

.The factor analysis review suggests the existence of a small data
interpretation factor and a small technical reading comprehension factor,
as well as speed factors, particularly in the verbal section. For the
sake of homogeneity, separating data interpretation items from~ochef
quantitative items might have been a wise course of action. The same
argument could be made for the technical reading comprehension items.

It was decided, however, not to construct separate technical reading
comprehension and data interpretation scales as there would not have been
enough items in the anchor tests to permit stable linkings of ability
scales through item difficulty parameters. For example, it would have
been necessary to use an anchor test containing 10 items to link the data
interpretation scale for form ZGRl to the data interpretation scale for
form 3CGRl. Outliers could have a large impact on the equation that links
these two scales. If the guidelines for score equating pertain to linking
of scale through IRT item difficulty parameters, the anchor test should
contain a minimum of 20 items. ’

(3

~

Another reason for not constructing separate technical reading
comprehension and data interpretation scales was the existance of a
certain skepticism concerning the importance of these factors. Since both
these factors are small, one or both might be tiny minor factors (in the
Tucker, Koopman, and Linn (1969) sense) that have been elevated to the
level of common factors by overfactoring. In the Tucker, Koopman, and
Linn model, a distinction is made between two systematic sources of
covariation among observed scores: major factors and minor factors.

Major factors are the common factors of the common factor model, systematic
sources of covariation among observed scores that are viewed as important
psychological dimensions. In contrast, minor factors are systematic
sources of covariation among observed scores that-also exist in the data
but are not a part of the common factor model. These minor factors,

which influence performance, are not viewed as important dimensions but
rather as nuisance components that negatively affect the fit of the factor
model to the data. In an effort to describe all systematic covariation

.

14
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among item scores, Swinton and Powers (1980) may have extracted both major
and minor factors. )

" Technical reading comprehension is possibly a form specific minor
factor, dependent upon the unusualness of the particular vocabulary
-employed in the technical reading passages. On the other hand, data
interpretation could well be a unique form of quantitative ability. Both g
factors may raise interesting questions for future restructuring of the //’
GRE. For the burpoée of the present research, however, the small numbers S
of both data interpretation and technical reading comprehension items // .
precluded construction of separate scales for equating. )
" The existence of these small minor factors must be kept’in mind
when comparing the results of IRT equating with conventional linear or
equipercentile equating. When confronted with two-dimensional data in
which one dimension dominates the other, LOGIST is "drawn toward" the
larger dimension as it progresses through its iterative .parameter
estimation process (Reckase, 1979). Hence, the existence of a small
data interpretation factor on the quantitative scale could introduce a
discrepancy between IRT equating and conventional linear or equipercentile
equating of the quantitative.scale because of a differential effect of
the data interpretation factor on these two equatings. The data inter-
pregation factor will influence the direction of the quantitative true
chJe dimension and the extent of this influence will depénd upon the size
of this factor. While LOGIST may ignore this factor and iterate toward a
general quantitative dimension, conventional equatings will uge the intact
true score dimension that is partially influenced by this minor factor.
Hence, on & priori grounds we expected a discrepancy between conventional
and IRT equatings due to this differential effect of the data interpretation
factor. Inspection of the fit of the IRT wodel to the data interpretation
items was expected to provide evidence pertaining to the redsonableness of
this hypothesis.

"The preceding discussion about the potential differential effect of
_the data interpretation factor on conventional and IRT equatings has
implications for the potential effect of the small technical reading
comprehension factor on the comparison of IRT and conventional equatings.
This small factor could also induce a discrepancy between the conventional
"and IRT equatings. Here too, inspection of the fit of the IRT model to
the technical reading comprehension items was expected to shed light on
the reasonableness of this differential impact hypothesis. »

The speed componenc-of the verbal section 1s a nuisance factor that .
might complicate comparisons of the results of the IRT equating with v
the conventional linear or equipercentile equating.- The speed component
will influence.the direction of the verbal true score dimension and
consequently have an impact on conventional equating. For formula scored
tests, such as the GRE Aptitude Test, the assumption that examinees will
respond only to those items that they have reached is more tenable than it
is for numberdright scored tests. To the extent that this assumption is
reasonable, the convention we chose in estimating parameters with LOGIST,

43
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coding all consecutively omitted items at the end of- an examinee’s answer
sheet as not reached, should mitigate the impact of a speed component on
the parameter estimates. Hence, a priori we expected a differential
ef fect of speededness on the IRT and convencional equatings of the verbal
scale.

In sum, the four factor analytic investigations of the GRE Aptitude
Test strongly suggest that separation of verbal items into reading compre-
hension items and vocabulary (discrete verbal) items would yield two sets
of items that are more homogeneous than the single set of all verbal items.
The studies also suggest that data interpretation items should be separated
from other quantitative items and that technical reading comprehension
items may define another distinct set. Doubts about the practical
significance of these dimensions, coupled with the fact that there are
too few items to permit stable linking of ability gcales through IRT
difficulty parameters, led us to conclude that separate scales for
data interpretation and technical readjipg comprehension should not be
established for the GRE IRT feasibility research.
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TEST FORMS AND SAMPLES
‘Test Forms:
Four operational forms of the GRE Aptitude Test were used in this

study: 2ZGRl, K-2GR2, K-2ZGR3 and 3CGRl. The three Z-forms are composed
of four separately timed operational sections:

Timing in
Section i Item e Minutes Number of Items
I. Verbal - 50 80
) discrete verbal 55
reading comprehension 25
II. Quantitative 50 55
quantitative comparison 30
data interpretation &

regular math 25

III. Analytical 25 \ 40
anatysis of explanations 40
Iv. Analytical 25 <~ 30
logical diagrams . 15
analytical reasoning : © 15

The fifth section of each of the three Z-forms contained a 25-minute
set of experimental pretest items. A total of seven pretest sections were
employed in this study to link the three Z-forums of the GRE Aptitude -
Test. Table | contains pertinent information about these seven pretest
forms: their pretest designation, item type, number of items, number
of items used for linking. While the first three columns of Table 1 are
self-explanatory, the fourth column requires elaboration. .

All pretest items are newly written items or revised items that
appear in the test in order to develop-item statistics for use in assembling
operational test forms that have prespecified psychometric characteristics.
For the purpose of this study, /these experimental sections provided the
item parameter links between the three Z-forms under study. For example,
the items in pretests B4l and/B43 were used to link~the verbal -ability
scales of the GRE Aptitude T¢st: (Further discussion of linking of IRT
ability scales is deferred tp the section on linking of ability scales
through item difficulty pargmeters.)

Since these pretest 1Cqu weré being used for the purpose of linking
IRT ability scales, which is a prerequisite for IRT score equating of
the three 2-forms, it was important to discard items with unacceptable
psychometric characteristics. The numbers appearing in the fourth column
of Table 1 are the numbers of items that survived the screening procedure
for discarding items with unacceptable psychometric characteristics.

»
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The fourth operational form, 3CGRl, is also composed of four separately
timed operational sections:

‘ Timing in
Section Item Type Minutes Number of [tems
I. .  Verbal © 50 75
discrete verbal \ 53
reading comprehension . 22
II. Quantitative 50 55
quantitative comparisons .o 30.
data interpretation &
regular math - 25
III. Analytical : 25 36
‘analysis of explanations 36
v. Analytical i ' . 25 30
logical diagrams : 15
analytical reasoning 7 15

Form 3CGRl was -administered with six different 25-minute fifth sections.
The items in these sections were not experimental pretest items. Instead,
they were items taken from the four operational sections of form ZGRIl.
Table 2 lists the six fifth sections of 3CGRl, the number of items in the
section, and the section of ZGRl from which they were drawn.

In addition to the seven pretest sections *listed in Table 1, form
ZGR] was, administered with six other section V's at the same administraCTfon
at which form 3CGRl was administered with the six section V's kisted in
Table 2. Table 3 lists these six fifth sections of form ZGRl, indicating
the number of items in the section, and the section of 3CGRl from which
they were drawn. ) ~

Inspection of Tables.2 and 3 reveals that each operational item from
form ZGRl appears in one of the six section V's of form 3CGRl and each
operational item from 3CGRI appears in one of the six C—subfogms of form
ZGRl. This commonality of items was used to study position etfects.

Samgleg ) N

The various forms of the GRE Aptitude Test used in this study were
administered at four different times of year. Table 4 identifies the
administration date at which each form was administered, and the sample
sizes used in this research. Note that form ZGRl was admiwnistered
twice: 1in February 1980 with the B-series of pretests that were shared
with forms K-ZGR2 and K-2ZGR3, and in June 1980 with the C-series of
section V’'s that contained operational items from form 3CGRl. Form K~ZGR2
was administered in December 1979 to a high ability population containing ‘"
scientifically oriented candidates competing for National Science Foundation
fellowships (although the fellowship candidates made up only about 5
percent of the December examinees, the potential effect of this group was
considered important). ’

20




Table 1

‘Experimental Sections for Forms
ZGRl, K~ZGR2 and K-2GR3

, Number

Designation Item Type of Items
B41 Discrete Verbal 55
B43 Reading Comprehension 25
B46 Quantitative Comparison \ 40
B48 Regular Math 25
B50 Data Interpretation 16
B52 Analysis of Explanations ' 50

B53 Logical Diagrams and 16
Analytical Reasoning 15

Table 2

Six Section V's for Form 3CGRI

16

Number of Items
Used for Linking

47
20

33
23
12
39

11
11

Location in ZGRI

Section I
Section 1

Section I1
Section I1

Section III
Section IV

-

Location in 3CGRI

Number
Designation Item Type of Iteus
c4l Verbal 39
C42 Verbal 41
C43 Quantitative 27
Cad Quantitative 28
C45 Analytical 49
C46 Analytical 30
7 Table 3.
Six Section V’s for Form ZGRI
Number
Degignation Item Type _ of Items
C47 Verbal 37 -
c48 Verbal ‘ 38
c49 Quantitative 27 e
c50 Quantitative : 28
C51 Analytical 36
Cc52 Analyt ical 30
24

Section I
Section I

Section II
Section II

Section III
Section IV
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R Table 4
Description of Samples Used in this Research
¢ Formula Score Means
Administration Experimental and Standard Deviations
Date . Forms Section . Sample Size Experimental Operational*
- X 8 X 8
. December 1979 K-ZGRZBAI v 2315 - 22.23 9.36 . 35.93 15.84
K—ZGR2B43 v 2259 5.96 4.02 36.01 15.71
- K-ZGRZBhb Q 2333 14.76 7.95 27.40 10.93
: K—Z_GRZB48 Q 2265 .« 1417 5.69 26.88 10.83
K—ZGRZBSO Q 2262 7.03 2.85 27.10 10.58
February 1980 ZGRIBAf v 2268 20.48 9.46 32.0 15.71
' ZGRIM3 v 2207 5.29 3.87 31;8i' 15.90
ZGRIB&b Q 2274 13.72 7.39 24.63 .88
ZGRIM8 Q 2216 . 13.52 5.55 24.84 9.97 -
ZGR1 Q 2231 6.48 2.86 24.55 9.93 °
B50
April 19807 - K-ZGR3, v 2429 20.32 9.39 33.10 14,61
: K—ZGR3M3 v .2406 5.07 3.93 33.08 14.70
K-ZGR3 ' Q 2426 13.12 7.52 ™5.19 11.16
K_ZGR3348 Q 2414 13.24 5.75 25-2? 11.26
K-ZGR3 Q 2414 6.56 2.87 24 .93\ 11.22
B50 //’iz>
June 1980 'ZGR1C47 v 2483 13.23 8.01 31.61 15.8
ZGRIcAB v 2486 14.62 8.10 31.53 16.30
ZGR1 o Q 24938 11.94 6.43 24.46 10.47
ZGRlCSO Q 2484 12.88 5.93 26,26 10.34
ZGRlCSl ' A 2488 18.73 9.13 32.89 15.21
ZGRlC52 A 2482 14.14 6.98 32.69 15.66
3CGR1C41 v 1489 15.54 8.42 30.1%4 15.38
BCGRICZ.2 v 1495 15.91 8.80 30.43  15.55
3CGR1C43 Q 1487 11.65 5.59 - 24.94 11.51
‘ 3CGR1C44 Q 1497 12.27 5.43 26.41 11.74
3CGR1c45 A 1526 26.26 11.75 ©  28.86 15.41
- 3CGR1C46 A 1476 15.92 7.19 28.52 14.87

*Operational-formula raw scores are for the operational section corresponding to the
pretest section listed in column three-
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PARAMETER ESTIMATION AND ITEM LINKING .

Item Calibration Procedures

Data from four administrations were,uysed in this research to assess
the feasibility of using item response theory as a psychometric model
for the GRE Aptitude Test. & total of 10 different item types (see Table
5) were administered within each form. -All item parameter estimates and
ability estimates were obtained with the program LOGISI. (Wood, w1ngersf} & -
Lord, 1978). The function of LOGIST is to estimate, fog each item, the
three item parameters of the three-parameter logiscic'mﬁdel: a (discrimi-
nation), b. (difficulty), and ¢ (pseudoguessing parameler); ald, for
each ex&miﬁee, 6 (ability). Thé following constraints were imposed on
the estimation 'process: a was restricted to values between 0.0l and 1.50
inclusive, except for anal§c1cal item calibrations where the upper bound
was 1.20; the lower limit for 6 was -7; and ¢ was restricted to values
between 0.0 and 0.5. Additionally, each exan¥nee was required to have
responded to at least 20 items in order to insure stable 8 estimates.
Choosing appropriate constraints is a complex procedure, but necessary to
speed convergence and produce stable estimates.

For each administration, from four to six different item calibrations
were performed. Table 5 shows the relationship between the item types,
calibrations and sections of the GRE Aptitude Test. Every item pelongs to
one item type, but may have been calibrated with more than one set of
items (e.g., every analogy item was calibrated with all verbal items and
with disc;pce verbal items only), may have been calibrated more than
once with the same set of items in the same relative posftions (e g.,‘all i
auantitacive ftems on form ZGRl were calibrated twice, once when administered
in February 1980 and onte when administered in June 1980), or may have
been calibrated with the same set of items in different positions (e.g.,
every verbal item appearing in section I of form ZGRl also appeared in-a
section V of form 3CGRl).

SR

Item Linking Plan J \

Any meaningful comparisons between item parameters or ability estimates
require a common metric (Dorans, 1979). Consequently, the linking plan
used to place the item and ability estimates on a common scale is an
important aspect of this research. Figures 2 through 5 depict the
item linking plans employed. The various verbal item linkings are portrayed
in Figures 2 through 4. - Figure 2 displays the strategy used to link
all the verbal item types. Each of the four test forms is represented by
a rectangle attached to a square. The rectangle contains information -
about the operational section of the test: section number and the number
of items. The square contains information about section V (experimental)
of the test: subform designation and number of items. Test forms are
ordered vertically by administration date. For example, test form ZGRl,
administered in February 1980, is represented by the operational rectangle
containing I, section number, and 80, number of items, connected to the
experimental test square containing B41 and B43, subform designations, and
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figure 2 - /{

IRT Linking Plan for Verbal Scales of GRE Aptitude Test

Administration T :
Date .
_ ZGRI 3CGRL ¢
: ¥
pecember
1979
February |
1980
- | .
April )
1980 ~
. B4l 47
o B43 20 o
1. 80 g————Linked by Spiralling— 1. 75
June » . R . ’
1980 . ' .
C47 37 o . C4l1 39
c48 38 T ¢ C42 41 *
v
‘ |
"
|
— |
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ing items in pretests B4l and B43, respectively.

rm ZGRl, administered in June 1980, is the base

nd K-ZGR3 are linked to the February 1980 adminis-—
h pretest sections B41 and B43, that the February
ZGR1 is linked t une 1930 administration
section I, apd that rm 3CGR1 is linked to .
8Q adminis¥ration.

47 and 20, number of ‘1i
Note in Figure 2 that
form, that forms K-ZGR2
tration of form ZGRl thro
1980 administration of form
by the 80 operational items
form ZGR1 through spiralling at t

As stated at the end of the factor anélytic review, a decision was
made to separate the reading comprehension items from)the discrete verbal
items to establish distinct reading comprehension and)discrete verbal
scales. Hence, in addition to having been calibrated with all verbal
items, each discrete verbal item was calibrated with discrete verbal items
only and each reading comprehension item was calibrated with regding '
comprehension items only. . After calibration, each discrete verbal item
set was placed on its -parent verbal scale. These discrete verbal to
verbal scale linkings are depicted in Figure 3.

Each combination (test form/administratioén date) is represented by
two rectangles in Figure 3: an all verbal rectangle and a discrete verbal
rectangle. Each all verbal rectangle is partitioned into a three-by-three . .
matrix. The first column of each of these matrices contains a section )
designation. The second apd third columns contain the number of reading
comprehension items and the number of discréte verbal items respectively. . 1
For example, the 'matrix for the June 1980 administration of Form ZGRl T
indicates that Section I contained 25 reading comprehension items and 55
discrete verbal items, the C47 experiméntal section contained 11 reading
comprehenison items and 26 discrete verbal items, and the C48 experimental
gsection contained 11 reading comprehension items and 27 discrete verbal

items.

For each all verbal rectangle there is a corresponding discrete
verbal rectangle that contains the position of the information contained
in the all verbal rectangle that defines the common item link, i.e., the’
section designation and the number of common discrete verbal items. The
arrows in the figure define the direction of the various linkings, which
all culminate at the ZGR1 (6/80) all verbal rectangle. For example, the
two ZGR1 (2/80) rectangles indicate that the discrete verbal item and .
ability parameters of ZGRl (2/80) were placed on the verbal base scale of
form ZGR1 (6/80) by a ZGR1 (2/80) to ZGRl (6/80) all verbal linking via
the 80 operational items of section I, and a ZGR1 (6/80) to ZGR1 -(6/80)
discrere verbal to all verbal linking via the 55 discrete verbal items
of section I and the 47 discrete verbal items of pretest B4l.

\

|

| |

Figure 4 depicts the IRT linking plan for reading comprehension

scales of, the GRE Aptitude Test. It is similiar in format to Figure 3. .. . ‘

Each reading comprehension rectangle contains the section designations

and number of reading comprehension item§ used to place each reading o

comprehension scale on its parent verbal scale. Lo, T T B |

, . |

|

|

|

Figure 5 depicts the IRT linking plan for the quantitative scales
of the GRE Aptitude Test. It is similiar in format to Fig“IE\E:’ ,
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Figure 3

IRT for Discrete Verbal Scales of GRE Aptitude Test
Form/Admin. .
Date All Verbal Discrete verbal'
. Sec. RC DV Sec. DV '
I 22 53 I 53 SR AN
3CGRI c41 14 25 | c41 - 25 |
June F% .
1980 : c42 11 30 ) c42 30
Linked by Spiralling
~ ) , : ‘
Sec. RC DV Sec. DV
I 25 55 I - 55
ZGR1 lesr 11 zak | c47 26
June . v ¢
1980 c48 11 27 . c48 27
Sec. RC DV Sec. DV
I 25 55 1 55 ‘
" ZGR1 ] B4l 0 47 ‘ B4l 47
February
1980 - [ B43 20 0
Sec. RC DV Sec. DV ‘ ’
\ .
I 25 55 1 55
K-ZGR2 B4l O 47 ; B41 47 i
December :
1979 : B43 20 O |
Sec, RC DV g ° Sec. DV
o : |
1 25 55 1 55 :
, - 4
K-ZGR2 B4l 0 47 Hé — B4l 47 |
April . _ |
1980 B43 20 O o )
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- " Figure 4

IRT Linking Plan for Reading Comprehension Scales of GRE Aptitude Test

Form/Admin, - . -
Date All Verbgd ™\ - Reading Comprehension
Sec. DV C v Sec. RC
I 53 I 22
3CGR1 41 25 KE% 41 14
June
1980 . 42 30 11 42 11
Linked by Spiralling
Sec. DV RC , Sec. RC ¢
I 55 25 I 25
ZGR1 C47 26 11 C47 11
June . ‘ k: -
1980 c48 27 11 , c48 11
/éQZIQ . Sec. DV RC . Sec.”  KC
I 55 25 ‘ I 25
ZGR1 B43 0 20 B43 20 -
February
1980 B41 47 0
Sec., DV RC Sec. RC
I 55 25 I 25
K-2ZGR2 .| B43 0 20 . , B43 20
December
1979 B41 47 0
" Sec., DV RC Sec, RC )
I 55 25 I 25
K-ZGR3 | B3 0 20 [& B43 20
April ’ .
1980 ’ B41 47 0
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Figﬁte 5
IRT Linking Plan for Quantitative Scales of GRE Aptitude Test - -
Administration ' _ .7
Date - Form
)
) , ZGR1 K-ZGR2 K-ZGR3 3CGRI
- : II. 55 |
December
1979
B46 33 !
= : B48 23
B30 12«
II.
February
. 1980 -
B46
B48
] -
B50
' II. 55
April .
1980 . '
B46 33
- : B48 23
B50 12
II. 55 &— Linked by Spiralling {11, 55
June
1980
cu9, 27 43 27
) c50 28 . 44 28
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IRT Linking Procedures

Two procedures were used to place item parameter and ability estimates
on the same metric: spiralling of test forms and a common item linking
procedure developed by Lord and Stocking (Petersen, Cook, & Stocking,
1981). Spiralling of test forms at the June 1980 administration of the
GRE Aptitude Test was used to link parameter estimates on Form 3CGRl to

N parameter estimates on the base form, Form 2GRl. The common item linking
procedure was used for all other item linkings. :

Linking by spiralling assumes that alternating forms administered to
examinees results in a random assignment of forms to examinees. Since -large
¢ equivalent groups take each form, the distributions of ability in the two .
-groups should be the same, and separate parameterizations based on these
two random groups via separate LOGIST runs should produce a single ability
metric.

The Lord-Stocking linking procedure produces robust estimates of
location and scale of each distribution of item difficulties and an
equation based on these robust estimates of location and scale. This
equation is used to convert the parameter estimates of a set of items on
one form from the arbitrary metric produced by the LOGIST calibration of
those items on that. form to the base metric resulting from the calibration
of the June 1980 administration of Form ZGRl items. A step—by-step
description of the linking of Form K-ZGR3 verbal items is used to illustrate
the procedure. )

. From Figure 2, we see/fhgc the K-2G items are linked to the base

form ZGRl, administered in June 1980, vialtwo pathways. The first step in 1
both pathways is to link the February 1980 administration of ZGRl verbal
items to the June 1980 administration of ZGRl via the 80 shared items from
section I. The end result of this procedure is the transforuation of
parameter estimates from the February 1980 administration of ZGRl to the
base metric of the June 1980 administration of ZGRl. One pathway directly
links K-ZGR3 to the transformed ZGR1 (of 2/80) metric via the 67 shared
items of pretest sections B41 and B43. The second pathway links K-ZGR3 to
ZGRl through Form K-ZGR2. The first step in both pathways, the linking of
the two ZGRl administrations, will be used to illustrate the Lord-Scocking
‘procedure. .-

We ‘start with two sets of item difficulty estimates, one from each
administration of ZGRl. " Each difficulty estimate is weighted by the
reciprocal of its squared standard error of estimate; for each item, the
J larger estimate of its two standard errors of estimate (from the two
estimates of item parameters) is used. Then the means and standard
deviations of these weighted item difficulty estimates are computed and
used to obtain the conversion line that converts the.mean and standard
deviation of the February 1980 estimates to the mean and standard deviation -
of the June 1980 estimates. At this point the process becomes iterative.
The perpendicular distances of the item difficulty points from this
conversion line are computed, and then biweights (Mosteller & Tukey,
1977, p. 205) for these distances are obtained. These biweights are

5 - 33 :
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then applied to the reweighted points and a new conversion line is produced.
The distance, -biweight, reweighting, and new conversion line cycle is
repeated until the maximum change in perpendicular distance is less than
some criterion. The last conversion line produced by this process is then
used to place the February 1980 items on the June 1980 metric. The

results of the linking of the two administrations of verbal items appear

in Table 6. The final conversion line has a slope of .9960 and an intercept
of .0092.

Results of Linking Test Forms

Tables 6, 7, 8, and 9 contain the results of the linkings depicted in
Figures 2, 3; 4 and 5, respectively. The verbal linking results are prelented
in Table 6. Perusal of this table reveals that, with the exception of
Form K~ZGR2, the scale transformatioms produced only slight changes in
location and scale; that is, o and B approach 1.0 and 0.0, respectively.

The four weighted correlations in Table 6 are all very high, as R
should be expected. Visual evidence of this can be seen in Figure 6,
which 18 a scatter plot of difficulties for the 80 common verbal 1items
used to link the two ZGRl administrations. The noticeable outlier in this
plot is item 78, which 'had a b of -.288 on ZGRI (6/80) and a transformed
difficulty of .729 on 2GRl (2/80). It ‘should be noted that an outlier as
extreme as this gets very little weight compared to the other data pointa.
Except for this peculiar outlier, Figure 6 is typical of difficulty o
scatter plots for all four verbal linkings. -

.The review of factor analytic research on the GRE Aptitude Test
suggested separation of verbal items into mutually exclusive discrete
verbal and reading comprehension sets. Table 7 contains the results. of
the six discrete verbal linkings, which placed the discrete verbal items
onto the metric of ‘the verbal items after the latter had been transformed
to the base metric of ZGRI (6/80). With the exception of the K-ZGR2 ~
transformation, only elight shifts in scale and location were required to .
convert the discrete verbal scales to the metric of their parent verbal
scales. ’

Table 8 contains the results for the six reading comprehension
linkings. A striking feature of Table 8 is the consistent large value for
the intercept when scaling reading comprehension items to the verbal
scale. (The K-ZGR2 intercept is somewhat larger than the other five.)
This finding showld not influence model fit or equating and is easily
explained. The examinees whose responses were used to estimate the item
patameters in the reading comprehension calibrations were more able than
those eéxaminees whose responses were used in the verbal calibrations.
This is due to our choice of a minimum number of items to which examinees
must have responded in order to be included in the calibration procedure.

L4

Consider the reading comprehension calibrations for form K-ZGR2.

°  Examinees who responded to fewer than 20 of the 45 reading comprehension

items were dropped from the calibration, i.e., their item responses were

3 -
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Table’6
. . ‘_\
Results of Verbal-Item Linkings: Correlations
_ (r) Between Weighted Difficulties; and Conversion
--Equation Parameters, Slope (a) and Intercept (B)
- . "01d" Form "New" Form
4 ZGR1(6/80) _ =80 “r= .9968 | ZGR1(2/80)
' - a=.9960 = .0092
. ZGR1(2/80)T* n=67 r= .9912 -~ K-2GR2(12/79) -
a=.9401 B= .1776 ‘
ZGR1(2/80)T n=67 r= .9942 ‘ K=-ZGR3(4/80)
s a=,9906 B=-.0282
K-ZGR2(12/79)T n=67 r= .9873 K-ZGR3(4/80) ~
- a=,9907 B=-.0338 -
’ ' ' Table 7 {
i Results of Discrete Verbal Item Linkings: ‘
Correlations (r) Between Weighted Difficulties; -
and Conversion Equation Parameters, Slope (a)
and Intercept (B)
Form - . . s
) -~
ZGR1(6/80) s ‘ n=108 r= .9996
' a=1.0005 . B= .0377
ZGR1(2/80)T n=102 r= .9995_ ‘e
- . ' a= .9823 8- .0582 h
' K-2GR2(12/79)T n=102 . r= 9994
- - a= ,9215 B= ,2406
. K-ZGR3(4/80) Tl n=102 r= .9997
a= ,9952 B= ,0032
" N
K-ZGR3(4 /80)T2 - =102 r= .9997 .
Qm 09953 8--00025 i \\
3CGR1(6/80) n=108  r= .9996
: a=]l.0143 8- 00228
*A T suffixed to the "old" form designation indicates the transformation
is to scalﬁ via an "old" form whose parameter estimates have already been
transformed.
30
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Table 8

Results of Reading Comprehension Linkings:
Correlations (r) Between Weighted ~
Difficulties; and Conversion Equation
Parameters, Slope (a) and Intercept (B)

»

Form . L . .

ZGR1(6/80) n=47  r=.9965 . , .
a=.9528 p=.1936 . :

ZGR1(2/80)T . n=45  r=.9968 ) .
a=.9792 B=,2250

K=ZGR2(12/79)T - - nw45 r=.9973
. a=.9753 B=.3333

"K~ZGR3(4/80)T1 n=45 r=.9947 - X
. am,9512 B=.1726 o

K-ZGR3(4/80)T2 n=45 r=.9947 “
. L a=.9514 B=.1670 .

0m,9594 B=.1925

3CGR1(6/80) o ne=4 7 r=.9960 J
| j

Table 9 |

Results of Quantitative Linkings: ‘

o Correlations (r)' Between Weighted |
Difficulties; and Conversion Equation ‘

Parameters, Slope (a) and Intercept (B) ‘
' ‘ \

|

|

|

"01d" Form - "New" Foru

o

ZGR1(6/80) - n=55 r=.9980 ZGR1(2/80)
a=,9549 B=,03798

a=,9799 -Bw=.2495

ZGR1(2/80)T . n=68 r=.9890 K-ZGR3(4/80) %

:
ZGR1(2/80)T 0 : n=68 r=.9921 K-2GR2(12/79) . 1
|

~a=.9690 B=.0485 |

o K-ZGR2(12/79)T n=68 r=.9921 K-ZGR3(4/80)
, a=.9860 B=.0477 .
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ignored and no ability estimates were produced for them. For the verbal
calibrations, examinees had &o -Fespond to at least 20 of the 145 to 147
items to be retained in the analysis. On the average, approximately 600

_ more examinees were dropped from the reading comprehension calibrations
than were dropped from the verbal calibrations. Since'these 600 examinees.
answered very few items, they were probably mostly examinees' of very

low ability. Since LOGIST uses an arbitrary ability metric having a mean
of zero and a standard deviation of one, the item difficulty estimates
obtained in the more able reading comprehension group are lower than the
_'‘estimates obtained when all verbal items were calibrated. . Figure 8, which
"is a scatterplot of item difficulties for Form K-ZGR2, illustrates this
effect. Note that the conversion_line for putting reading comprehension
item difficulty estimates on the verbal item scale is essentially parallel
to the main diagonal. This difference in item difficulty estimates
reflects a true difference in ability in the two calibration grouné.-

Figures 9, 10, and 11 contain typical scatterplots of the transformed-
to~scale item discrimination estimates. Figure 9 depicts the relationship
. between the a’s of all the verbal items common to both form K-ZGR2 and

form ZGRl. Since each ‘estimated a has been transformed to scale, the’
‘points should fall along the true diagonal indicated in Figure 9. Though
. the scatter is greater than that on the plots of b estimates; .there is no
.evidence of any systematic departure from the diagonal. Figure 10 depicts
the relationship between the transformed-to-scale a’s from the discrete -
verbal calibration of form“K~ZGR2 with the transformed a’s from the all
. verbal calibration of that form Figure 11 shows the relationship between
the ﬂagding comprehension and the all verbal a’s. Note the preponderence
of points to the left of the main diagonal. The discrimination parameter
estimates for the 45 reading comprehension items are higher when calibrated
alone than when calibrated-with the disérete verbal items, suggesting that
two different, though'highly correlated, scales are defined by the two
different calibrations. Compare this with Figure 10 which shows a much
smaller effect for the discrete verbal linkings.

1 ‘ > :
Table 9 contains the results of the quantitative-linkings. Examina-
tion of this table yields an observation similiar to that produced by
examining Table 6: With the exception of form K-ZGR2, ‘the difficulty
parameter transformations produced only slight changes in location and
scale. The sizeable shift in location for K~ZGR2 may be attributable
to,.the higher abilifty sample, containing National Science Foundation .
fellowship candidates, at the December administratipn of the GRE Aptitude '
Test. All four correlations in Table 9 are'Very high. '
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ASSESSING' THE WEAK FORM OF LOCAL INDEPENDENCE:
EXAMINATION OF PARTIAL CORRELATIONS AMONG GRE ITEMS CONTROLLING FOR
EXAMINEE ABILITY:

Implications of Local Independence

: The strong form of local independence states that, for a given
ability level, item responses are statistically independent. The weak
form of local independence states that, for a given ability level, item
responses are linearly independent, i.e., uncorrelated. If local independ-
ence held and actual ability scores were available, then the partial
correlations ,among items with ability partialled out would be zero. Since
the. responses to each item go into the ability estimates, however, slightly
negative intercorrelations among the items are expected when these ability

-estimates are partialled out. because of part-total contamination (Lord,
1980b).

- Theta estimates were read from data sets created by previous LOGIST.
runs while item responses were read from separate data sets a&d were '
recorded as 1 = correct and 0 = incorrect (incorrect responses included,
therefore, omitted and not-reached items as well as incorrectly marked
items). Biserials and point biserials with either verbal or quantitative
ability estimates, and tetrachoric and partial correlations were calculated
for items in the verbal and quantitative subtests for two GRE test forms.
For each subtest, two runs were made: one with a correction for guessing
‘(Carroll, 1945; Swinton, 1980) and one without this correction. The
matrices of partial tetrachoric correlations were then factor analyzed.
It was hoped that a linear factor analysis after first removing the
variance due to the dominant (and nonlinearly derived) first factor
would present a clearer picture than previous factor analytic studies.

4nalysis of Partial Correlations

The partial correlat?ons were examined to identify items that .
correlated highly among themselves (i.e., items that violated the assump-
tion of the weak form of local independence). It was anticipated that an
item would be more likely to correlate highly with an item of its own
nominal type than it would with other items in the test and that items at
the end of a speeded section would be highly intercorrelated. Moreover,
it was expected that the percentage of high positive correlations among
4tems of the same type would be greater than the percentage of high
correlations for all items in the test. These expectations were borne
out, in some cases rather dramatically, and the results will be discussed
in the following sections.

The results from the administration of two GRE test forms, ZGRI
(6/80) and K-ZGR2 (12/79), were examined. As previously stated, the
latter form was administered to a sample of above average ability, and
so some differences in the distributions of correlations were expected.
The differences between distributions obtained from the two forms were,

b -
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however, slight and nonsystematic. Moreover, results from both forms
tended to attest to high correlations among technical reading comprehension
items on the verbal subtest and among data interpretation items on the
. quantitative ‘'subtest, and some of the less marked results were also similar
across test" forms. ‘ 4 S
Correction for guessing. As stated above, the correlations were
obtained both with and without a correction for guessing. When a
correction for guessing was made, &h-initial set*o@lchance—level parameters
(equal to .20 for the 80 fiVe—choice verbal items-and the 25 five-choice
quantitative -items and equal .to .25 for the 30 remaining four-choice
quantitative items) was used. These initial estimates were adjusted
downward, based on the-data, for some items in order to avoid nonsingular
correlation matrices. . The overall é€ffect of the correction for guessing
was to spread out the distribution of partial ccrrelations. It was
suspected that in some cases the procedure might have overcorrected for
guessing since some partial correlations greater than 1.0 or less than
~1.0 were obtained. Both tetrachorics and biserial correlations were
corrected for guessing and the result on the partial ~correlations, which
involve ratios containing both tetrachorics and biserials, may have been
an overcorrection. Alternatively, these extreme correlations might simply
be due to sampling error. In either case, the homogeneity of some nominal
item types was more apparent after correction.for guessing.

Results for the Verbal Subtest

The 80 GRE verbal items were broken down into the followinglfivq
nominal item types for the purpose of this analysis:

;

|

Item type « Number of items.
Sentence completions 17
Analogies : T 18
Antonyms 20

. Reading comprehension : 14
Technical reading comprehension 11

The first three item types (which comprise the class of discrete
verbal items) occurred both at the beginning and at the end of the verbal
test, while the reading comprehension and technical reading comprehension
items were found in the middle of the test. The placement of the discrete
verbal items introduces, therefore, the nuisance factor of speededness.
Unusually high partial correlations were found .among the final 15 or so
items in a separately timed section, regardless of their nominal item
type. Certainly, this is in part a result of the fact that almost half
the examinees did not reach the final items and that those who did attempt
these items tended to get them correct. The speededness factor, therefore,
complicates the analysis, as does the large number of systematic omissions
for some reading passages. Both of these factors will be considered as ‘we
turn to the results for each nominal item type.
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Table 10

Factor Pattern gnd,Intercorrelatiéns Among
1 . Residual Factors Extracted from Form ZGRI

 Verbal Item Correlation Matrix in which
Overall Verbal Ability Estimates Have Been Partialled Out

Item Type Item Position v ~ Factor T Factor II
Sentence Completion ) 1 ) -0.053 -0.023
‘ 2 © 0.027 © "=0.032
3 -0.079 -0.009
4 0.063 - 0.025
5 -0.269 -0.108
6 ~=0.018 -0.035
7 t 0.035 0.017
8 -7 =0.031 -0.063

53 -0.125 -0.194

54 0.036 0.011
55 ' - ) 0.114 -0.051
= 56 =0.741 -0.231
57 0.130 -0.013

58 0.103 0.012 ./
59 -0.037 -0.026
60 ‘ 0.496 -0.054
61 _ 0.388 0.032
Analogies » N 9 -0.065 -0.024
‘ 10 0.031 -0.100
11 _ 0.539 . =0.094
12 -0.183 -0.302
13- - . 0.286 -0.143

14 0.093 -0.061 -
15 0.309 -0.055
16 0.194 0.005
17 0.235 ~0.075
62 . 0.343 0.012
63 -0.032 -0.000
64 -0.158 . =0.059
65 -0.430 -0.137
66 -0.186 0.054
. 67 0.065 0.100
68 ‘ 0.031 0.077
69 .0.071 0.050
70 -0.026 0.034

44
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Table 10 continued

Item e ‘ Item Position - Factor 1 Factor II
Antonyms 18 _ -0.114 7 0.079
19 -0.018 0.078
‘ 20 . 0.038 0.136
. 21 | 0.011 0.131
- 22 0.041 0.152
) . 23 -0,148 0.188,
24 .0.164 0.220 .
. 25 , 0.045  0.231 |
‘ ’ 26 0.089 0.202
- 27 -0.106 0.699
71 ~-0.160 0.837
72 -0,243 0.909
73 C.oe =0.147 - 0.692
74 . ' -0,035 . 0.776
75 , -0,150 0.834
76 0.018 0.798
77 0.012 0.668
78 f0.277 0.001
79 ‘ 0.278 . 0.065
80 s 0.420 -0.011
Reading Comprehension 4 28 0.258 . 0.030 s
, 29 0.400 -0.010 N
30 0.250 0.048 W
3% 0.393 0.060 )
35 0.467 0.010 |
36 0,402 0.027 |
37 / 0,437 0.022 |
38 ,  0.465 0.042 .
39 0.480 0.021
40 0.531 -0.034
41 0.580 0.023
42 '0.630 . 0.024
43 0.571 -0.046
, 44 0.476 0.096
- Technical Reading Comprehepsion 31 0.592 -0.011
32 , 0.579 -0.022
33 . 0.673 0.008 B
45 0.671 -0.081
46 0.657 -0.022
47 0.699 -0.088
48 0.568 =~ -=0.017
. 49 0.608 -0.066
’ 50 0.682 -0.090
; ‘ 51 0,586 ' -0.057
. 52 0.588 -0.046
Factor I Factor 11
Factor 1 1.000 .154

Factor Il . «154 1.000
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Table 11

Pactor Pattetﬁ and Intercorrelations Among
Residual Factors Extracted from Form K-ZGR2
. Verbal Item Correlation Matrix im which
Overall Verbal Ability Estimates Have Been Partialled Out

]

Item e : Item Position Factor I Factor II1
Sentence Completion 1 -0.203 T =0.041
= 2 -0.272 -0.118
3 -0,185 -0.170
4 -0.098 0.044
5 : -0.318 -0.099
6 0.174 -0.034
N s 7 0.207 -0.037
8 0.408 - =0.007 ,
53 ‘ 0.060 -0.105
54 LT -0.115 -0.175
. 55 T -0.153 -0.140 o
o , 56 -0.159 . =0.215
/ N | 57 -0.142 -~ -0.062
' 58 0.084 -0.096
59 -0.005 0.006
60 ) 0-429 . -0-035
61 0.423 " =0.086
- Analogies . 9 -0.019 -0.080 -
: 10 _ -0.484 -0.534
11 -0.148 -0.111
12 ) . 0.325 -0.022
13 -0.165 ~0.230
14 0.385 0.031
15 0.275 0.016
16 0.058 -0.058
17 0.359 - =0.133 .
62 0.436 -0.062
63 0.037 0.039
64 -0.295 -0.107
) . 65 -0.277 -0.044
T 66 -0.041 0.386
67 -0.107 ' 0.420
68 -0.062 0.527
69 -0.085 0.680
70 -0.141 0.643 .
Antonyns B 18 - -0.207 0.737
- 19 -0.163 . 0.701
. ' - 20 ~0.065 0.507
' - 21 - -0.133 0.251
, . 22 . -0.015 © 0.069
- , ° 23 : 0.015 0.234
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Factor. 11

Item Type ' Item Position =~

Antonyns ' : 24 -0.096 0.213
25 -0.170 0.124

26 1 0.004 0.138
27 0.046 0,131

71 0.025 0.132

72 -0.071 0.109

73 0.098 0.106
74 0.034 0.262

75 0.034 0.028

76 0.048 0.036

77 ’ 0.008 0.023

78 0.299 0.010
79 0.196 -0.014

80 0-283 -0-066

Reading Comprehension . 28 \\\ 0.214 -0.086
29 0.215 0.007

30 ' 0.487 0.018
39 0.270 =-0.044

40 0.424 0.048

41 0.235 -0.020

42 0-230 -0-085

. 43 0.496 -0.055
44 0.454 -0.080

45 0.571 -0.047 .

46 0.282 0.119

50 0.438 -0.020

51 0.748 -0.019
52 0.281 0.001

Technical Reading Comprehension 31 0.559 0.094
' ! . 32, 0.578 -0.043
33 0.587 0.019

- 34 0.625 -0.000

35 0.611 0.020

36 0.747 0.099

37 0.627 - 0.027
38 0.585 -0.041

47 - 0.515 0.044
48 0.666 0.001

49 0.527 0.002

Factor 1 Factor 11
Factor I 1.000 066
Factor 1I 066 1.000
ray
{

Ed
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Factor analysis of partial correlations. In an effort to summarize
the results of the verbal item partial correlation analyses, the partial
corréelations, not corrected for guessing, were subjected to factor analysis.
(The ehoice of the uncorrected-for-guessing partials was based on the
difficulty of estimating communalities using the corrected partials, as
well as concern about overcorrection.) Principal factor analysis (Harman,
1976, Chapter 6.3) was used to identify and extract the primary factors of
these verbal partial correlation matrices. Since the dominant (noalinearly
derived) ability factor had been partialled out, these remaining factors
can be viewed as residual factors.that might be systematic sources of
local independence violations. Following extraction, these residual
factors were rotated to an oblique solution using direct oblimin with
Kaiser normalization (Harman, 1976; Chapter 14.4).

The factor pattern (regression weights for predicting common portions
of item variables from underlying factors) and factor intercorrelations,
following a direct oblimin rotation of a two-factor solution for the Form
ZGRl (6/80) verbal item intercorrelations with overall verbal ability
partialled out, appear in Table 10. Clearly, the first factor is defined
by the reading comprehension items, primarily the technical reading
comprehension items. The second factor appears to be a speed factor as
. the antonym items appearing at the end of the verbal section mark this o
factor.

8ponding results (factor pattern and intercorrelations) for
(12/79) appear in Table 1l. Again, a two-factor solution was
although the plot of eigenvalues suggested that a one-factor
might have been sufficient. The first factor was clearly a
reading comprehension factor marked by very high loadings for technical
reading comprehension items in particular. The definition of tHe second
factor is difficult. It appears to be a mixture of analogy and antonyms,
but may well be a composite of noise components, i.e., there may be only
one meaningful residual factor, that marked by reading comprehension
items. The relative high ability of the group that took Form K-ZGR2 may
have caused the speed factor noted in the ZGRl analysis to dissipate.

In sum, the factor analysis of partial éorrelation matrices with
overall verbal ability partialled out produced results consistent with
the vigsual analysis of partial correlation distributions: eviderce
for both a technical reading comprehension factor and a nuisance speed
factor.

Results for the Quantitative Subtest

The 55 quantitative items were broken down into the following
three nominal item types:

Item type ’ Number of iteums
Quantitative comparison 30
Regular wathematics ‘ 15
Data interpretation 10

43
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The four-choice quantitative comparison items all appear at the begihning
of the quantitative section, while regular mathematics and data interpreta-~

.tion items were intergpersed in the latter part of the section. It was N

expected that speededness would prove to be less of a factor for quantita-
tive items than it was for verbal 1tems since, in both test forms, at least
80 percent of the examineas reached item 50 out of 55 items.

Factor analysis of partial correlations. The quantitative partial
correlation analyses were summarized by factor analyzing the partial
correlations, not corrected for guessing, using principal factor analysis.
Faé;ors remaining after the nonlinearly derived dominant quantitative
facto en partialled out can be viewed as residual factors that -
might be systpmatic sources of local independence violations. Following
extraction, yhese residual factors were rotated to an oblique solution
using direct oblimin with Kaiser normalization.’

»

The factor pattern (regression weights for predicting common portions
of the quantitative item variables from underlying factors) and factor
intercorrelations, following a direct oblimin rotation of a two factor
solution for form ZGR1 (6/80) quantitative item intercorrelations with

- overall quantitative ability partialled out, appear in Table 12. Both

factors are marked by data interpretation items predominantly, suggesting
that the two residual factors are different types of data interpretation
factors. The corresponding results for form K-ZGR2 (12/79) appear in

Table 13. Although two factors were extracted, a single-factor solution
was probably suffici®nt. This first factor is clearly marked by the data
interpretation items, while interpretation of the second factor is difficult
since it is probably a composite of noise components.

Summary and Synthesis

Principal findings for the verbal subtest. The analysis of partial
correlations and the subsequent factor analysis for the verbal subtest
uncovered two systematic sources of local independence violation. The
reading comprehension items, particularly those pertaining to technical
reading passages, retained positive intercorrelations even after overall
verbal ability estimates were partialled out. Whether this reading
comprehension residual factor is a special skill or simply a function of
the fact that sets of items refer to a common passage cannot be abgolutely
ascertained. Most likely, several influences are at work. In any case,
the end result is a violation of local independence.

The second systematic source, most evident in the analysis of form
ZGR1l, is speededness. Test speededness tends to enhance the partial
correlations between items at the end of the test, probably because a
self-gelected group of higher ability examinees attempt them-while those
who do not reach them are of lower ability. This ability to perform well
on speeded tests is probably related imperfectly to overall verbal ability.
In other words, after overall verbal ability has been partialled out,
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Table 12

Factor Pattern and Intercorrelations Among
Regidual Factors Extracted from Form ZGRI
Quantitative Item Correlation Matrix in which
Overall Quantitative Ability Estimates Have Been Partialled Out

Item e Item Pogition Factor 1 Factor II
Quantitative Comparisons 1 “Y-0.643 -0.094
2 ~=0.382 -0.180
3 . =0.318 -0.077
4 - %0.110 , -0.176
5 -0.190 -0.050
6 -0.216 -0.022
7 -0.216 -0.039
8 . 0.038 -0.124
9 ‘ -0.222 -0.066
10 -0.023 -0.141
11 0.121 -0.048
12 . -0.091 - -0.058
T 13 0.073 -0.150
14 -0.064 -0.096
15 0.261 - -0.050
16 -0.045 -0.031
17 0.308 0.035
18 0.023 -0.162
19 0.224 0.022
20 . 0.370 -0.154
21 0.146 -0.056
22 0.325 -0.051
23 0.400 -0.133
24 0.549 -0.008
25 0.466 -0.286
26 0.270 -0.009
27 0.242 0,006
28 ‘ 0.228 -0.057
29 . 0.147 -0.024
30 0.122 0.036
Regular Mathematics - 31 y . -0.241 -0.040
) 32 -0.108 0.184
33 -0.116 -0.128
34 ' 0.048 -0.187
35 ) .. 0.317 0.023
40 - | -0.189 0.250
41 -0.199 0.290
) 42 ) 0.083 0.158
) 43 -0.103 - 0.270
44 o - =0.026 0.202
51 C ' 0.114 0.066 '
) Sy
g :
O \ - -
oy . ) — \ .
ERIC ‘ )
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Item Type - Item Poaifion Factor 1 Factor 11
Regular Mathematics 52 0.526 -0.075
: 54 0.042 0.155
55 -0.005 0.761
‘Data Interpretation 36 0.369 0.567
37 -0.151 0.905
38 0.209 0.462
39 0.040 ! 0.623
45 0.156 . 0.068
46 0.254 0.411
47 0.834 0.104
48 0.406 0.194
49 ] 0.618 V.16
50 0.228 .0.167
Factor 1 Factor Ii
Factor 1 1.000 .059
Factor 11 059 1.000
Y

2
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Table 13
Factor Pattern and Intercorrelations Among
Residual Factors Extracted from Form K-ZGR2
; Quantitative Item Correlation Matrix in which
Overall Quantitative Ability Estimates Have Been Partialled Out

~ ltem Type ' Item Position Factor I Factor 11
Quantitative Comparisons 1 -0.058 . =0.122
‘ 2 -0.135 -0.324
3 -0.084 -0.06Y
4 -0.114 -0.391
5 -0.017 -0.022
6 -0.102 -0.0838
7 -0.103 ~0.177
8 -0.176 0.427
9 =0.145 -0.084
10 ! -0.060 0.001
11 -0.047 -0.126
. 12 -0.106 -0, 064
13 -0.099 0.157
14 -0.,082 0.132
15 -0.095 0.059
16 0.063 0.094
17 -0,009. 0.148
18 -0,011 V.204
19 -0.025 0.194
. 20 -0.0861 0.123
21 -0.085 . " 0.360
22 0.038 0.188
23 -0.027 0.112
24 ’ 0.024 0.110
25 -0.118 0.003
26 ~-0.041 0.138
27 0.099 0.315
28 0.005 0.277

29 0,029 . 0.176 -

30 0.006 0.405
Regular Mathematics 31 -0,022 -0.142
. 32 -0.142 . =0.385
33 0.142 -0.385

\ ~ 34 0.095 -0.040 .
\ 35 , -0.050 -0.331
. 42 -0.068 -0.179
; 43 0.181 -0.263
44 -0,.008 0.050

45 0.121 0.287 °
46 S . 0.086 0.288
51 ~ . ema e 04167 0.212

R
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Factor II

Item Type . Item Position Factor 1
Regular Mathematics 52 0.020 -0.057
53 0.218 0.054
54 0.200 0.333
* Data 1h£erpretation . 36 a 0.178 -0.062
. 37 0.667 -0.241
* 38 00806 -00216
39 0.811 -0.398
40 0.487 0.091
41 0.447 0.129
47 ’ 0.455 0.274
. 48 0.381 0.161
50 0.314 0.192
Factor 1 Factor I{
Factor 1 l 0000 0129
Factor 1II 0129 10000
')
{
. ‘ SR
\}
ERIC ’
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a residual speededness factor renains that iylteﬁatically influences
performance on items appearing at the end of the test.

Principal findings for the quantitative lubtggg,__Is;‘analylil of
partial correlations and the subsequent factor analyses the quantitative
subtest uncovered a single major source of local independence violations:
a factor influencing performance on data interpretation items. On form
ZGR1 (6/80), this source seemed to.be composed of two components that
might be related to differences in data interpretation passages. On form
K-ZGR2 (12/79), however, this separation into two components was not
evident. In any case, the data interpretation items exhibited positive
intercorrelations after general quantitative ability was partialled
out. Whatever accounted for these positive correlations is a source of
local independence violations.

Synthesis with previous factor analytic results. The partial corre-
lation analyses produced findings consistent with expectations, based on
the factor analytic review described in Chapter 3. The earlier factor
analytic studies provided strong evidence for the existence of three large
global factors in GRE Aptitude Test data: general quantitative abilicy,
vocabulary or discrete verbal ability, and reading comprehension or
general verbal reasoning ability. 1In addition, they provided evidence for
the existence of some smaller factors: technical reading comprehension,
data interpretation, and verbal speededness factors. The partial correla-
tion analysis gust described produced evidence confirming some of these
results, most nhotably results that would suggest violations of local
independence. .




ANALYSIS OF ITEM—ABILITY REGRESSIONS . T S

Frequently, researchers will try to assess the fit of a latent trait

model to real data using .a chi-square test or other similar approaches
© . (Wright, 1977). Unfortunately, such tests require expected values that
are available only when we know the values of item or people parameters;
‘in the real world we only'have estimates of these parameters. These
estimates are likely to behave differently’ from true parameters in a
statistical test and would probably increase the probability of a type II
- statistical- error; that 1is, we would not reject the null hypothesis that
the model fits as frequently as we should.

To avoid this problem, a graphlcal technique and some quantitative
summaries of that technique were used in a roughly normative manner to
assess the fit of the three-parameter logistic model. This exploratory

~ technique, which will be referred to as analysis of item-ability regressions,
compares the regression. of the observed proportion of people -getting an
item correct on estimated 6 (empirical regression) with the item
response function based on the estimated item parameters (estimated
regression) (Hambleton, 1980; Stocking, 1980).

The untransformed ability scale (8 estimated on the metric for
" which the trimmed calibration sample, examinees with estimated & between
-3.0 and 3. 0 has a mean of 0 and a standard deviation of 1) is split into
15 intervals of width .4 in the range -3.0 to +3.0. P,, the proportion
of people in interval i getting the item correct, adjusted for omits, is

computed for each in interval. That is, ‘ﬂfff’/r

S + o :
o s n, + nz/A :
(3) - P, = , where
. v n.
i
nI is the number of examinees in the i-th
interval who got the ‘item correct,
ni i1s the number of examinees in the i-th
' interval who omitted the item,
A . is the number of alternatives per item,
ni ’ is the number of examinees in interval i, ’ .
who answered the item or any item
e ' subsequent to that item.

The 15 P are plotted as squares whose areas are proportional to n,.
For each 1nterval a line of length QJ(PQ/ni) is plotted, where P and Q
.are computed from the estimated item response function. The line 1s( .
" centered on the estimated response function. Although this line is a =~ ’
-rough estimate of the .95 confidence interval around the item response
functign, it is not being used as a statistical test. The reasons why

Ty N
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this line’does not represent the .95 confidence fnterval include: the
use of 2 instead of 1,96 as a coefficient; the use of the inappropriate
symmetric normal approximation to the binomial confidence interval around
the response function (particularly a problem for extreme values of P);
and the use'of an interval based on estimated item parameters.

Figures 12a through 12f show six examples of item—ability regressions.
The vertical scale in each is the prébability of a correct response
and ranges from O to 1. The horizontal scale is the ability metric ’
and ranges from -3.0 to +3.0. Various attributes of these item—ability
regressions relate to model fit. After looking at more than 1,000 of
these plots, we decided that a useful summary statistic would be the
number of times the proportion of the examinees in an interval responding
correctly to the item fell ,outside the + 24 PQ/n, interval centered on
the response function: that is, the number of times the midpoints of the
boxes fell off the vertical lines. - Tbus, the item—ability regressions in
12a and 12b would each be scored 0, those in 12¢ ‘and.12d woyld be scored 2
and 3. respectively, and those in 12e and 12f would be scored 5 and 9.

- This analysis 1is"based on 395 verbal, 275 quantitative, and 136
» analytical items. The verbal and quantitative items consist of all such
" operational items from four administrations of the four ‘GRE Aptitude Test
forms studied in this research. The analytical items consist of all
operational items from forms 3CGR1 and ZGRIl.

Table 14 presents cumulative distributions of item scores on the
model fit statistic described above. Data are presented féor the three
major item classifications and their constituent item types. All data
presented in this table are based on verbal, quantitative, or analytical ..
calibrations. ‘ N

>

To aid interpretation of these data, frequencies of- model fit score
were collapsed into two categories (1, 2+), and compared across item types
with a chi-square test of independence. Table 15 presents these results
for the three major item classifications. . ' ‘ :




\J

A Figure 12 .
Examples of Item Ability Regressions
. . ) B




Table 14

Asgessment of Model Fit

«

*
’

. Cdmulative Proportion of Items
- m ‘ with Model Fit Score Less Than or = !

Equal tor
. Number
Item Type .of Items 0 1 2 3 4 .5 6 7 8 :

All Verbal 395 .63 .87 .96 .99 ' .99+ 1.00

. Analogies | 90 62 .84 .93 .98 1.00 ’ .
Antonyms 102 '67 .91 '97 .99 '99 1.00 *
Sentence Completions 81 «56 .88 .95 1.00 )
Reading Comprehension 'y 122 .66 .86 .97 .99 1.00

All Quantitative - 275 45 .69 .82 -89 94 .96 .98 .99 1.Q0
Regular Mathematics 75 45 .80 .91 95 ‘.96 .96 .97 .97 1.00
Data Interpretation i 55 .56 .80 .90 ..94 .98 -".98 .98 .98 1.00 "
Quantitative Comparison 150 = -~ W41 60 .75 .85 91 .96 .99 .99 1.00

All Analytical ’ 136 . .59 .82 .95 .98 .99 .99 .99 .99 1.00
Analysis of Explanations T .76 " 54 .76 .93 .96 .97 .97 - .97 .99 1.00 _
Logical Diagramé - i 30 Q7o '97 .97’ l"oo ) o ot ¢ .
Analytical Reasoning. .30 .60 ° .83 .97 1.00, o )

All Items ' ' ' 806 + 456 .80 .91 .96 .98 .99 .99 .99 1.00- * ’ ’

‘ -
- ' . 204 &
Qv \ o
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' . o Table 15

Comparison of Model fit_fdr'Three Major
Item Classifications

Model FitkScofe

Item Classification _0-1 2+ Total . ‘
' Verbal S s 50 395 x2 = 34.55
Qudntitative * - 190 , 85 275! df = 2°
Analytical _< 112 26 - 136 I .0001
Total 647 159 806 ) ﬂ

The high XZ for Table 15 shows a relationship between broad 1tem
classification and model ‘fit. Whether or not the three-parameter logistic
model fits any of the item types 1n,an absolute sense, Table 15 shows that
some fit more closely ‘than others. In particular, the order of fit seems
to be (from best to worst) verbal, analytical, quantitative. Since these
differences might be due to specific item types, each broad classification
was separately analyzed by specific item type. Table 16 presents these
results for verbal items,. Table 17 for quantitative items, and Table 18 for
analytical items. o _— * o

- ' Table 16

Comparison of Model Fit for
g Verbal Item Types

-

™

Model I'“i.t Score

Item Classification 0—1 2+ Total
Analogieg ) | 76 14 90
Antonyms 93 - 9 102
Sentence Completion 71 10 81'
Reading Comprehension 105 ‘17 122
Total ~ " 345 50 395

df

|

2.23

<5267

o




Table 17

’é:ggkfison of Model Fit for

Quantitative Item Types

Model Fit Score

Item Classificationi 0-1 i 2+ Total
Regular Mathematics 60 15 '75
Data Interpretation 40 » 10 50
Quantitative Compatison 90 ’ 60 150
Total - 190" 85 275i
Table 18
. _ Comparison of Model Fit for
Analytical Item Types
Model Fit Score
»It;m Classification 0-1 - 2+ Total
.Analysis of Explanations 58 18 76
Logicaf Diagrams‘ ; 29 1 30
Anal;tical Reasoning‘ 25 o5 | 30
Total ‘ 112 - 24 136
6,

X = 6.16

p £ 0461
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'The four verbal item types presented in Table 16 show no significant
difference in model fit. Of the three quantitative item types presented
in Table 17, the model fits the quantitative comparison items least well.

One feature of quantitative comparison items is that they all share
the same response options and instruétions:

Directions?! Each question in this part consists of two quantities,
one in Column A and one in Column B. You are to compare the .two
quantities and on the answer sheet blacken space '

A if the quantity in Column A is the greater;

B if tAe quantity in Column B is the greater;

C if the two quantities are equal;

D if the relationship cannot be determined

from the information given.

"This might lead to multidimensionality due to the particular correct
response of the item. To investigate this, a chi-square test of independ-
ence between the keyed response and model fit score (collapsed into two
categories) was performed. Results are presented in Table 18. There is
no evidence for any response option factors.

Table 19

Comparison of Model Fit for Different
Keyed Résponses of Quantitative Comparisons Items

Model Fit Score

Keyed i
Response 0-1 2+ -Total
L A 23 15 T a8 x2 = 2.1
B 21 19 40 df = 3
' c 27 ' 12 . 39 p < .4923
D 19 14 33 |
Total 90 PO 150

Alternatively, it could be argued that another type of multidimension-
_ality caused the model fit problem. Perhaps quantitative comparison
items themselves are unidimensional, but are tapping a different dimension
from the rest of the quantitative items. Factor analytic results, reviewed
earlier in this report, did not indicate this to be the case, but the past
factor analytic studies used linear models, and item response theory is
based on a nonlinear model. A separate quantitative comparison factor
could not be ruled out. ' :




52

€

“To further investigate this, the quantitative compariaén items for
one form (K-ZGR3) were separately calibrated. Item-ability regressions.
for items in this calibration could not be affected by multidimensionality
inherent across the three quantitative item types. Table 20 compares the
model fit for the 30 quantitative comparison items calibrated with the
entire quantitative section- wieh that for the items calibrated -as a
homogeneoua subset.

A d

Table 20

4R
< N

Comparison -of .Model Fit for Homogeneous

- and Heterogeneous Calibrations of Quantitatdve

Comparison ltems*

Model Fit Score

Calibration . 0-1 2+ Total
Quantitative Comparison Only " 18 12 30
All Quantitative Items 19 11 30 '
Totél ) 37 23 60 -

Since different calibrations of identical items are represented in,
the two rows of Table 20, a test of {ndependence was not performed.
Nonetheless, it seems obvious that any multidimensionality occurs within
the item type and not across the three quantitative item types. '

Further examination of the items and their directions leads us to -
hypothesize another type of dimensionality problem. Due to a problem
solving réhponse set, some examinees who did not know the answer to a
quantitative comparison item might be more likely to answer D, ‘the
relationship cannot be determined from the information given,” than

"others of equal quantitative ability, in which case the poor model fit of’
these items might be explained. This problem solving response set would
contribute to a lack of model fit, regardless of the keyed response. If
the correct answer were A, B, or C, some examinees with a given ability
would be less likely to pick the correct answer than others because of
their propensity for response D. If D were the correct answer, these same
examinees would be more likely to pick the correct answer than the model
predicted. '

Table 18 indicates that the three-parameter logistic model fits
analysis of explanations items less well than the other analytical item
types. Like quantitative comparisons items, these items all share a

single response format:
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Directions:‘ For each set of questions, a fact situation and a
‘result are presented. Several numbered statements follow the
regult. Each statement is to be evaluated in relatiom to the
- , fact situation ' and result.
- Consider each statement separately from the other gtatements.
For each one, examine the following sequence of decisions, in
the order A,B,C,D,E. Each decision results in selecting or
eliminating a choice. The first choice that cannot be eliminated
is the correct ansgwer. o
A Is ‘the statement inconsistent with, or contradictory to,
: something in the fact situation, the result, or both
. i together?. If so, choose A. '
) If not, - .
B Does the statement present a,possible adequate explanation
of the result? If<so, choose B. .
If neot,
C Does the statement havé to be true if the fact situation
and result are as stated?
If so, the statement is deducible from something in the
fact situation, the result, or both together; choose C.
If not, o
D Does the statement -either support or weaken a possible
explanation of the result?
_If so, the statement is relevant to an explanation,
chogae D. ,
N , E If not, the statement is irrelevant to an explanation
’ of the result; choose E.
Table 21 presents a test of independence between key!d response
and model fic.
Table 21 -
Comparison of Model Fit for Different
Keyed Responses of Analysis of Explanations Items 5
Model Fit Score
Keyed
Response 0-1 ] 2+ Total *
’ A 10 1 1l x? = 25.07
. "B.. 7 10 17 df = 4
C 18 . 1 19 p < .0001
D . 16 0 16
E - 7 S 13
Total 58 ¢+ - 18 76 »
« ot
4

L2

ERIC . ' 6i.
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Analysis of explanations items keyed B or E were not fit well by
the model. In fact, some of the B~keyed items are not monztonically

increasing; more able students frequently choose the D response. Figure

12f presents the most extreme example of such an item we have found.
Factor analysis (Swinton & Powers, 1980) has provided additional evidencq
of keyed response specific factors for analysis of explanations items.

In summary, the three-parameter logistic model seems to fit all of
the verbal item types and two of the analytical item types, logical
diagrams and analytical reasoning, better than the three quantitative item
types and the analysis of explarations items. Of the latter four item
types, regular mathematics and data interpretation items seem to be fit
almost as well as some of the "good fitting" item types. Analysis of
explanations items keyed other than B or E were' fit by the model quite
well (less than 5 percent of the items keyed A, C, or D have a model fit ,
score of 2 or greater), but those keyed B or E have the highest proportion '
of model fit scores of 2 or greater of any of the item classifications we
considered (53%). Quantitative comparison items were the most difficult
item type for the three-parameter logistic model to fit.

6
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COMPARABILITY, SENSITIVITY, AND SfABILITY OF PARAMETER ESTIMATES

Temporal Stability of Item Parameter Estimates

The operational sections of form ZGRl were administered twice, once
in February and once in June 1980, which allows us to assess the temporal
stability of item parameter estimates.’ Theoretically, the item response
function for each item should not be affected by when the item was adminis-
tered, provided that a common metric has been ‘established.
parameter estimation and item linking describes the procedure. .used to
place all item parameter estimates on the same &cale.
cies in item parameter estimates should be due to lack of fit of the three-
parameter iogistic model because of population shifts or because of errors
of estimation. (Though ftem response theory provides sample invariant
parameter estimation,-this sample invariance applies to samples (of the
same or different ability) from a singlé population.
can cause a change 'in dimensionality.) In this section, the two sets of
item parameter estimates (after transformation to a common metric) for
form ZGRl are compared for the verbal calibrations, the discrete verbal
calibrations, the reading comprehenison calibrations, and the quantitative
calibrations. Tables 22 through 24 summarize these comparisons.

The section on

Thus, any discrepan-

Population shifts

In Table 22, means, standard deviations, and correlations between
parameter estimates obtained at both administrations are presented
for all 55 discrete verbal items in Section I of form ZGRl.
half of the table contains results for the verbal calibrations of these
items; the results for the discreté verbal calibrations of these items °
are presented in the lower half of this table. * The parameters a , b ,
and ¢ are the item discrimination, item difficulty, and"ﬁséudogﬁessing
param&ters of the three-parameter logistic model.
of conventional item diffitulty, the proportion of examiflees giving
a correct response to the item, that is based on the item response
function and the marginal distribution of ability for.'the group of
examinees given that item. The p can be viewed as & nonlinear bounding
transformation of b . This bound*ng transformation was performed for two

reasons. First, ex¥reme values of b

extreme values of p do not. Second%
used in this section, is sensitive to
parameter, such as p , is less likely
The p values, howevgr, are sensitive
abil1i®y and could produce a nonlinear

The upper

is an estimate

have large standard errors, while

the Pearson producf’moment correlation,
outliers, and a bounded item difficulty
to produce troublesome outliers.

to any large differences in group
relationship between the p estimates

$urned out,

of the form ZGRl items based on the two administrations.- As it
the abilities of the two groups were similar enough that noplinearity was

not a prablem.

The means and standard deviations to the right of each rectangle are
the means and standard deviations of the three item parameters and p for
the June 1980 administration of form ZGRl, while the summary statist¥cs
for the February 1980 administration of form ZGRl appear under each
rectangle. The elements inside the rectangle are correlations between the
estimates obtained at the two administrations of form ZGRI.
both item difficulty estimates, bg and pg, were virtually insensitive

Note that




TABLE 22

Correlations and Summary Statistics for Item
Parameters and Estimated Proportior Correct for
the 55 Discrete Verbal Items of Section I of Form ZGRI

ALL VERBAL CALIBRATION

DISCRETE VERBAL ONLY CALIBRATION

ZGR1 (2/80)
b
8 ‘g Pg
. .988
821

.998

.

482 .192 L5070

1.253 " .063  .201

a
8
! 0914
%
b
8
ZGR]1 (6/80) c8
Pg
Mean 0923
S.D. 314
a
8
a +955
.4
b
8
ZGR1 (6/80) c8
Pg
Me an 912
S.D. .333

ZGR1 (2/80) -
b
g8 .. 8 Py
993
.842
.998
467 182 504
1.243  .044 .20%
6

56

Mean S.D.
.899 312
474 1.226
.183 060
.506 «200
n =55
Mean S.D.
905 ° .328
+469 1.225
.180 049
«502 202
n = 55




TABLE 23

(3

Correlat{onl and Summary Statistics for Item
.Parame ters and Estimated Proportion Correct for
the 25 Reading Comprehension Items of

Section 1 of Form ZGR1

ALL VERBAL CALIBRATIO

4
ZGR1 (2/80)
- a b c P Mean
8 g g 8
a .918 .8l4
- g ) .
b 992, -.039
g .
ZGR1 (6/80) cg .685 .167
> .998 +585
pg ~
Mean .802 -.028 .171 0585 )
n= 25
S.D. .185 .831 . .033 .156
READINC'COMPREHENSION ONLY CALIBRATION
. N L ] ‘3
ZGR1 (2/80) )
. a b c ' p Mean
8 g 8 8 o
a- 0946 0932
8
b «994 -.021
8
Py 4998 .S R
Pban 0920 -0007 0166 0582
. , . ne2j5
S.D. .270 .823 .036 .164

57

~ S.DO

2175

- .792

041

.153

8.D.
.289
773

.039

.158




e ~ TABLE 24

. ' Correlations and Summary Statistics for Item
o o ‘ Parame ters and Estimated Proportion Correct
: ‘ ~ for the 55 Quantitative Items of

Section II of Form ZGRl S
! ZGRL (2/80) . - . ‘\ . .
a b e P ‘Mean . S.D.
g g g g .
a, 969 . _ .856 .398
,bé- | 996 . .005  1.518
ZGRL (6/80) e, 927 183 .074
| Py S .999 . .576 .232
Mean  .849  .020 .18l  .573 ‘
n = 55 ’ )

S.D. - - .391 1.517  .073 .231
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to group differences and, showed little sample error, but were slightly
sensitive to the reference set used for calibration, i.e., the difference
between mean item difficulties, b , is greater in the verbal calibrations
(.474 vs. .482) than the differenfe between mean item difficulties for the
discrete verbal calibrations (.469 vs. .467). Note also, the corresponding
differences in c¢_ calibrations (verbal calibrations, .183 vs. .192;

) discrete verbal Ealibrations, .180 vs. .182. The differences in p .
(.506 vs. .507 for verbal and .502 vs. .504 for discrete verbal) tfidicate
that these differences compensate for each other. One can infer that
these differences are probably due to error of -estimation. Note that c
exhibits the least temporal stability. ' /g

Table 23, which has the same format as, Table 22, contains means,

‘ standard deviations, and correlations obtained for all 25 reading compre-
hension items in Section I of form ZGRl. Note that p 1is virtually
insensitive to group differences or item calibration feference set.
consistency of the item response theory estimate of difficulty, b ,
however, is slightly imperfect. The most notable effect evident In
Table 23 is sensitivity of a_ to homogeneity of item calibration set:
The mean a_ for the 25 readiﬁg comprehension items is higher when these
25 items a%e calibrated with reading comprehension items only fhan when
calibrated with all verbal items.- Further discussion of homogeneity

. effects is deferred to the next section. The final point to note in Table

- 23 is the comparatively low corrélations obtained between ¢ estimates.
This is due to the relative easiness of the reading-comprehgnsion items (b
slightly below .0 as opposed to discrete verbal b of about .5). It is
difficult to estimate c for easy items because of insufficient data
at the lower asymptote. g

The

Table 24 contains the means, standard deviations, and correlations
obtained for the 55 quantitative items in Section II of form ZGRl. The
high correlations for a_ and ¢ and the overall stability of item parameter
estimates are tbe»notab&e featfires of this table.

Sensitivity of Item Parameter Estimates to Violations of Unidimensionality

» B

Evidence indicating that verbal items are not homogeneous, i.e., that
they measure more than one dimension, was presented in the sections of this
report dealing with the factor analytic review, the violation of local
independence, and item-ability regressions. In this section, the compar-
ability of item parameter estimates based on’calibration of heterogenous
(all verbal) and homogeneous (discrete verbal only and reading comprehension
only) item sets is assessed. Calibrations from all five administrations,
ZGR1(6/80), ZGR1(2/80), K-ZGR2(12/79), K-ZGR3(4/80) and 3CGR1(6/80), are
examined. v .

Table 25 contains the iesults\}or estimates of item discrimination (a ).
The results for discrete verbal items appear in the top half of the table,
while the bottom half contains the results for reading comprehension items.
The elements in the top rectangle of Table 25 are correlations between
“4item discrimination estimates based on verbal and discrete verbal calibratioms,

~

-

] v




ALL
VERBAL

ALL
VERBAL

. « '
TABLE 25 . -

Summary Statistics-for and Correlations Between

- Parameter Estimates of Item Discrimindtion (a )
Based on Sets of Homogeneous and Heterogenous Iens

DISCRETE VERBAL ONLY . .

26Kl ZGRI  K-ZGR2 K-ZGR3 CGRL
~(6/80) (2/80) (12/79) (4/80) (6/80) =
,ZGRl (6/80). ;969 , ﬁ 108
ZGRL (2/80) | 975 .- ' 102
" K-2G6R2 (12/79) \\ .984 102
K-ZGR3 (4/80) 975 102
CGRL (6/80) | .976 108
- 108 102 102 102 108
Mean .930 .681 .936 .876  .963
S.D.  .331  .357  .380 . .344  .328
, .
READ ING COMPREHENSION ONLY
ZGRl  ZGRL  K-ZGR2 K-ZGR3  CGRL .
(6/80) (2/80) (12/79)" (4/80) (6/80) n
ZGRL. (6/80)  .800 47
ZGRL (2/80) 889 - 45
K-2GR2 (12/79) .926 i 45
K-ZGR3 (4/80). 904 45
génl (6/80) * .902 47
. n 47 45 45 J 45 47
Mean  .867  .837  .824 848 844
S.D. 287  .338 349 324 271
ran

Mean-
«922.
.885
.898
874

0954'

Mean
.791
.730
«730
:759

.761

60

S.D.

.316

<344

.343

.336

.320

S.D.

.200

.237

1.245‘

.285

.201




. o1

while the correlations between estiamtes based on verbal and geading
comprehension calibrations appear in the bottom rectangle.
Under the Eop rectangle are the number of items calibrated (n), means; '
and standard deviations of the a_ for the discrete verbal calibrations at
each of the five administrations% To the right of the top rectangle are
the summary statistics for the corresponding verbal calibrations of the .
discrete verbal items. Under the bottom rectangle are summary statistics
//ﬁer the five reading comprehension calibrations, while the corresponding
summary ‘ytatistics for the five verbal calibrations of the reading compre-
hension jtems appears to the right of this bottom rectangle.
. Tables 26, 27, and 28 are identical in format to Table 25 and contain
. the results for item difficulty (b ) estimates, estimates of the psuedo-
guessing parameter‘or lower asymptdte (c ), and-estimated proportion
correct (p ). g
g o
The correlations and means in Table 25 reveal that the discrete |
verbal and verbal calibrations produce considerably more similiar estimates
of a_ than the reading comprehension and verbal calibrations. The discrete
verb8l - verbal correlations between a_estimates range from .97 to .98,
while the reading comprehension - verb81 correlations range from .80 to
.93. The mean differences between a estimates for the discrete' verbal
items ranges from .00 to .04, while Ehe range_pf mean differences for
reading comprehension items is .07 to .ll. When the smaller standard
deviations of a_ estimates for reading comprehgnsion items are considered,
the magnitude of the mean differences for these items appears even larger
relative to the magnitude ofythe mean difference for discrete verbal items.

.Also evident from Table \25, in each pair of calibrations, for both
discrete verbal-verbal and reading comprehension-verbal, is the fact that
the standard deviation for the a_estimates- based on the more homogeneous

. calibrations is higher. The meall standard deviations of a_estimates for

‘ " the discrete verbal items based on the discrete verbal calibrations and .
the verbal calibrations are .349 and .332, respectively. Similarly, the

mean standard deviations of a estimates for the reading comprehension

items based on the reading coﬁprehension calibrations and the; verbal
calibrations are .315 and .237, respectively. As with the differences in

mean estimates, the difference in mean standard deviations of a_ estimates

is more extreme for reading comprehension items than for discrefe verbal .
items.

- -
<

Evidence pertaining to the comparability of item difficulty estimates (b _)
appears in Table 26. - The correlations and means in this table reveal that &
the discrete verbal and verbal calibrations produce slightly more similiar
estimates than the reading comprehension and verbal calibrations. TFor the
discrete verbal items, the correlations all round to 1.00, while the

mean differences range from .00 to .0l. For the reading comprehension

items, the correlations range from .98 to 1.00 and the mean differences

in b range from .00 to .03. When compared to the results for the a

estiﬁates, the b estimates show much less sensitivity to homogeneit§ of

ftem calibration®set. . -

o




s _ " .TABLE. 26 _ - -
" Summary Statistics for and Correlations Between . .
Parameter-Estimates, of Item Difficulty (b ) ) -
Based on Sets of Homogeneous and Heterogen0u§ Items _ .

DISCRETE VERBAL ONLY . -

ZGRl ' ZGRL- K~-ZGR2 K=-ZGR3 CGR1

, (6/80) (2/80) -(12/79) (4/80) (6/80), n Mean S.D. .
ZGRL (6/80) .998 o - 108  .336 1.229 ~
ZGRL (2/80) ] 99 * o 102 .330 1,222
ALL K-ZGR2: (£2/79) .998 . 102 .269 1.284 '
VERBAL ' N
K-ZGR3 (4/80) T .999 102> .259 1.302
L CGRL (6/80) | a 1,998 108 .361 1.143
n' 108 102 102 102 108
Me an .334 335, .255 «265 366 -
S.D.  1.237  1.211 .1.281  1.330  1.154
", READING COMPREHENSION ONLY
zal zwlyﬁmm KJ&&Omm
(6/80) (2/80) (12/79) (4/80) (6/80) =n Mean S.D.
) . ZGR1 (6/80) .993 ‘ : ' gi .167 .952
ZGR1 (2/80) .994 45 433 .978
ALL ~  K-ZGR2 (12/79) — © 996 s 367 .959
VERBAL A '
K-2GR3 (4/80) f BN .978 A 45  .369 1.092
ocR1‘(§780) ’ " . .995 47 .180 .95 )
n 47 45 .45 457 47 | o .
Mean 162  .453  .387 47152

S.D. .950 .979 .981 1.060 .921

7
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TABLE 27

Summary Statistics for and Correlations Between
.Parameter Estimates of Lower Asymptote (c )
Based on.Sets of Homogeneous and Heterogenous-Iltems

DISCRETE VERBAL ONLY

-

. - : 'ZGRI  ZGRl K=ZGR2 K-ZGR3 CGRl . \
) (6/80) (2/80) (12/79) (4/80) (6/80) n  Mean S.D..~
. ZGRI (6/80)  .897 , | 108 .177 .054 - ¢
ZGR1 (2/80) 767 102 .183 .053
ALL  + K-ZGR2 (12/79) . 874 p 1024179 049
VERBAL . , "
. ’ K—ZGIB (4/80) 0940" ' 102 l-175 0040
CGRL (6/80) . | 932 108 .181 .058
n 108 102- 102 102 108 t
Mean  .[76  .180 .16l 73 177
S.D.  .047 _ .040 . .059 040  .059

READ ING COMPREHENSION ONLY

- ' ' 2GRl ZGRl K-ZGR2 K-ZGR3 CGRI S
" (6/80) (2/80) (12/79) (4/80) (6/80) n Mean S.D. ¢
ZGRL (6/80) 658 : 47 <165 <043
ZGR1 (2/80) 844 - o 45 .168 .031
ALL K-ZGR2 (12/79) . . .800 - 45 .169 .033
‘ VERBAL : e
. K-ZGR3 (4/80) .550 45 .175 <065 —=3
CGR1 (6/80) N .923 - 47 164 039
n 47 45 45 45 47
] \ .

- Mean  .159  .168  .172°  .168 . .158 o
‘ ,

; §.D. 042 <034 . - .037 037 .039
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‘1
) _ TABLE 28
L Y -
o _Summary Statistics for.and Correlations Between
- - Parameter Est jmates of Proportion Correct (p J)-
Baged on Sets of Homogeneous and Heterogenous‘gtems

v DISCRETE VERBAL ONLY
ZGRI  ZGRI ~ K-ZGR2 K-ZGR3  CGRI |
(6/80) (2/80) (12/79) (4/80) (6/80) n Mean S.D. .
" zemL (6/80) 999 - . 108 .523 .205 °
ZGRL (2/80) .999 ) 102 .529 202 '
ALL K-ZGR2 (12/79). ‘ 999 ¢ 102 .539 .210
VERBAL o ﬁ i .
' K=2ZGR3 (4/80) - ©.999 102 .537 .218
P ’ . '
CGRIL (6/80) o .999 108 .519 .202
m 7,108 . 102 102 102 108
Mean  .520.  .527 .53l 535 .515
.+ S.D. "%.208  .204  .210 220 204
" READING COMPREHENSION ONLY ,
2GR 2GRl K-ZCR2  K-ZGR3  CGRI :
(6/80) (2/80) '(12/79) (4/80) (6/80) ~ n  Mean S.D.
i ZGRL (6/80) . .999 . 47 .553 172
- .. ZGRl (2/80) .998 o 45 513 .169
. ALL . . K-ZGR2(12/79) . . 999 " . 45 .522 171 ¢
'VERBAL - . ) , e . ) : T
" K-ZGR3 (4/80) a .999 45 .520, .187
P CGRL (6/80) . . . '.998 47 .555. .167 "
.- n 471 45 45 45 41
) Mean ~ .551  .509  .522 517 .7 554 - S

S.D. 177 1740 .178 190 .174 ' SRS




- N ' T p. ‘ v' } . v ‘ 65

- ‘The results pertaining to the sensitivity of ¢ eatimates to homegenefty
of item calibration set are portrayed in Table 27. gWil‘;h--the exception of

the discrete verbal items on.form K-ZGR2, all mean différences in thig

table 3re all less than .0l." Compared to those in Tables 25 and 26,

correlations in Table 27 are low and more variabbe, reflecting difficulties '
inherent ‘in obtaining stable estimates of c (Lord, 1975b) . -

. .Table 28 reveals that the siqilarity:of P estimates based on
heterogenous vs. homogeneous calibrations is vgry high. This high degree
of similarity is evident for .both discrete verbal items and. reading
cdmprehension items, as 18 reflected in the .means and correlations in this
table. An inference suggested by the results in .-Table 28 is that the
observed data ‘can be approximated equally as well by sets of Heterogeneous
items (all verbal) as by sets of homogeneous items (discrete verbal and
‘reading comprehension) "~ This; inference wag also suggested by the results
discussed in the section on item—ability regressions. .

\ o
. .

[
v

]

Comparability of AbilitygEatimates Based on Homogen0u8 and lieterogeneous ) ' .
-Sets of. Items -, : o o - .

»

The review of factor analytic studies couducted on the GRE Aptitude

Test led to a decision to separate verbal items into mutually exclusive
sets of discrete verbal items.and reading comprehension items bekause the
evidence indicated that the items on' the verbal- scale were measuring two

- correlated factors. Consequently, all verbal items were calibrated at
least. twice, once with a set of homogeneous items of like type, e.ga,

- discrete verbal or reading comprehension, and once ‘with a set of heterogenous
items comprised of both discrete vérbal and! ‘reading comprehension items.
This procedure produced three aoility scores for each examinee:: a verbal
ability score based. on all verbal items (Ov), a,discrete verbal ability :
score based on discrete verbal items (6. ), and-a reading comprehension )
ability score based on readlng comprehegXion items (@, ).

‘the same attribute, then ability estimates based on each set of items should .
be very highly correlated. On the other hand, if these different sets of
items were measuring distinct abilities,'the expected correlatien would
not be as high. Table 29 provides evidence relevant ‘to assessing whether
the reading comprehension items and- the discrete verbal items are measuring -
‘the same attribute.. It contains correlations among Gv, 9 ; and 8 for

all four administrations. S v k

If discrete verbal items and reading comprehensipn Stems were measuring

v

&
A

It is clear in Table 29 that discrete verbal 4bility had a higher
correlation-with verbal ability than did reading comprehénsion ability,
and that discrete verbal ability aad reading comprehengion ability were
less correlated with each other than with verbal ability. The three
correlations are .96 to .97 for discrete verbal abflity and verbal
ability, .86 to .89 for reading comprehension ability and verbal ability,
and .73 to .77 for discrete verbal'ability and reading comprehension
ability. Since estimated 6 has about the same reliability as the usual
number-right test score, a correction for attenuation due to error of

.
k)
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TABLE 29 -
~ Correlations Amé-ng Ability Estlima'tes for Verbal (V),
Discrete Verbal (DV) and Reading Comprehension (R) Scales
- . / T
Admin o ’ 'Form
Date | . S - . | .
ZGRL ' K-ZGR2 ' K-ZGR3 . 3GGR1
- DV v R ) - e )
DV 1.000 .959 .726 ' ' S - .
12/79 o v 1.000 .860 ’ | ‘
} R | ~1.000 -
. ’ ' N = 386l
‘v v R
DV.1.000 .965 .764
2/80 V. © 1.000 .88l
R | 1.000
"N = 3581 |
- DV v R
) DV 1.000 .965 .766 |
4/80 , » v 1.000 .886
. | R 1.000
N = 4043 ]
vV R. . oV R )
DV 1.000 .968 746 ‘ DV 1.000 .970 .758
06/86 v 1.000 .861 v 1.000° .863
| R 1.000 - R . 1,000
N = 4351 . ‘ . N'= 2579

(Y 7]
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estimation is probably necessary. Assuming that this correction has

little differential effect on the correlations, then the correlations

in Table 29 indicate that discrete verbal ability and reading” comprehension

ability are distinct, highly correlated abilities. .

Further evidence for the conclusion that reading comprehension

ability and discrete verbal ability are distinct, highly correlated
abilities is presented in Table 30, which ¢ontains correlations among °
proportion-correct true scores for verbal, discrete verbal, and reading
comprehension abilities. Proportion-correct true score is obtained ‘
by substituting abjlity estimates into the test characteristic curve,
which is a sum of the item characteristic curves for the items, defining
the test, and dividing the result, which is the number-correct true score,
by the number of items in the test. Preférence for correlations of .
bounded difficulty parameters was one reason for examining proportion-

h correct true score. :

.
s

The correlations in Table 30 present a range of .96 to .98 for the
discrete verbal-verbal .correlation, a range of .88 to .90 for the reading
comprehension-verbal correlatton, and a range of .73 to .80 for the
discrete verbal-reading comprehension correlation. These latter results,
like the results in Table 29, provide evidence for the existence of the
two distinct, highly correlated reading comprehension and discrete verbal
abilit{fes. ' . -

t Il

©

The fourth column in Table 30 contains the correlatf%ns of the
variable V* with the discrete verbal, verbal, and reading comprehension
proportion-correct true scores. This variable, V*, is defined as the -
sum of the discrete verbal number-correct true score arnd the reading
comprehension number-correct true score divided by the. total number of
items, i.e., V¥ i8 a weighted composite of the discrete verbal and reading
comprehension proportion-correct true scores, where the weights are the
number of discrete verbal items and the number of reading comprehension
items, respectively. . s

The striking feature of the fourth columns in YTable 30 is the close
resemblance of the V* correlations to the verbal (V) correlations. For |
all five administrations, V and V* 'are virtually perfectly correlated,
and their correlations with discrete verbal (DV) and reading comprehension
(R) are almost identical. Hence, Table 30 provides evidence for thinking
. A of the verbal true score dimension as a weighted composite of the discrete

verbal and reading comprehension dimensions. Table 31 provides further
support for this inference. ’

. Table 31 contains tmeans and standard deviations for the verbal (V),
discrete verbal (DV), reading comprehension (R), and reconstructed verbal
(V*) proportion-correct true scores for all five administrations. Note
that the maximum difference between verbal (V) and reconstructed verbal
(V*) means and standard deviations is .00l, which provides further

~support for viewing verbal ability as a weighted'eompoeite of discrete
verbal ability and reading comprehension ability.

75
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Admin

Date

12/79

2/80

4/80

6/80

68

TABLE 30

Correlations Among Proportion-Correct True Score Estimates
for verbal (V), Discrete Verbal (DV), Reading Comprehension (R)
and Beconstructed Verbal (V*) Scales

ZGR1

DV 1.000 .963 .734 .968 '

v

R

Dv vV R =~ V*

DV 1.000 .961 .758 .968

v 1.000 .899 .996
R - 1.000 .898

N = 3581

DV v ‘R Vv

DV 1.000 .971 .775 .97l

v . 1.000 .901 .999
R 1.000 .903
N = 4351

Dv

K~2ZGR2 . K-2GK3 3CGRL

v R v ‘ .

1.000 .879 .996
1.000 .882

N = 3861

DV v R Vv

1

: |

DV 1.000 .962 .768 .971 }
|

i

\

DV 1.000 .980 .798 .98

v 1.000 .902 .995
R 1.000 .899
‘ N = 4043 !
DV v R VR’ ‘
\
\

v 1.000 .898 .999
R " 1.000 .898 -
N = 2579




TABLE 31

Summary Statistics for Verbal (V), Discrete Verbal (DV),
Reading Comprehension (R), and Reconstructed Verbal (V*)
Proportion-Correct True Score Est}mates

&

Form DV R \)
ZGR1 (6/80) Mean .518 .615 .549
- e S.D. .152 .194 .155
ZGRl (2/80)  Mean . .523 624 .554
S.D. .151 .195 .154
K~ZGR2 (12/79) 'Mean .560 .656 .590
S.D. .153 185 .152
K-ZGR3 (4/80) Mean .532 .631 562
| 'S.D. .142 175 144
3CGRI (6/80)  Mean ~ 547 .570 .555
S.D. .165 .163 .157

AL

.548

0156 N

«555

0155

- 590

152

«563

144

«554

157
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Further evidence pertaining to the dimensionality of the verbal items
is also presented in Table 32, which contains correlations among observed
scores, with and without correction for attenuation due to measurement .
error, on the verbal item types for four distinct samples of examinees who
took one of these four forms in June, 1980: ZGRl 7 ZGRIC& » JCGRI1 1 and
3CGR1CA . The elements on the main diagonals of gﬁe four cogrelation
matrice% in Table 32 are reliability estimates. An adaptation of .
Kuder-Richardson formula 20 (KR-20) for formula-scored tests (Dressel, 1940)
produced the reliability estimates for sentence completions, analogies,
antonyms, and reading comprehension. These four modified KR-20 estimates
were used to estimate the reliability for the verbal scale via the formula

. 4
(4) RelV =] - EEI Var.i(l—Reli)/VarV .

where Rel and Var are the reliability and variance, respectively, of
the verbal scale, dnd Var, and Rel are the variance and modified KR=20
reliability estimate of cﬁe ith scale, where i is either one of the three
discrete verbal item types or the reading comprehension item type. To
obtain the reliability estimate for the discrete verbal scale, the above
formula is used with the three discrete verbal item type variances and
reliabilities and the discrete verbal variance.

The elements to the left of the main diagonal are observed score i
correlations, while the entries to the right are the same correlations
corrected for attenuation. Note that part-total correlations, such as the
five correlations with verbal score, were not corrected for attenuation.

The disattenuated correlations between discrete verbal and reading
comprehension are of primary interest. Since the reliabilities used to ,
correct the observed score correlations for attenuation are estimates of
item homogeneity, the reliabilities reported on the diagonals in Table 32
are probably underestimates. Hence, the disattenuated correlations in
this table can be viewed as overestimates of the true score correlations
among the verbal item types. The correlations between estimated proportion
correct true scores for discrete verbal and reading comprehension on the
June 1980 administrations of forms ZGRl (r = .775) and 3CGRl (r = .798),
reported in Table 30, fall between the upper bound disattenuated correla-
tions and the observed score correlations reported in Table 32, providing
further evidence for the hypothesis that the verbal ability measured by
the GRE Aptitude Test is composed of two distinct, highly cgrrelated
reading comprehension and discrete verbal abilities.

.
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AW -

VerBaI
Discrete Verbal

Sentence Compl.-
.Analogﬁis

Antonyms '
Reading Comp.

Verbal
Discrete Verbal
Sentence Compl.
Analogies
Antonyms

. Reading Cpmﬁ.

.
8 . -
bt -

.929
.957
877

08_31,-
.882

929
974
+845
.863
.889
.864

: |
Correlations

With»and-Without

/

896

.888
.895
.894
.710

’

2

J911
.845

-886

.927
.728

€4

%

J(N = 2,480)

3 4 5

.759 .930 .880
.693 .732 .978
.669 .730 .761
.696 .629 .573

“ o

| (N = 1,485

3 4 ‘5

.718 .894
.653 .743
.677 .726
.677 .649

.863
.909

.632

Table 32

Among Ve

bal Item Types

Correction For Attenuation¥*

ZGRI1

811
.864
.795
.710
.855

" 3CGR1

.858
.899

.768
.790

AUV S WN —

DN SWN -

934

.956
.882
.859
.863
.886

1
.931
.975
.839
.873
.897
.874

' *Uppgr triangle has correlatisns corrected for attenuation;.
diagonal has reliability estimates;
- lower triangle has uncorrected correlationms.

v

.713

48
2 3 4

.901

.946
.736
.734
.645

.898
.895
.901

+765
.710
.697
+695

G4y (N -

2. 3 4

Fo13
.841
.895
.931
.745

.709
.664 .740
.670 .750
.684' .668

.917

C, (N = 2,485)

5 6
.806

.903 .852
.969 .807

.779 .705

1,495)
5 6

.872
.857 .909
.939 .869
.863

.660 .799

Number of

Items
80
.55
17

- 18

20
25

'Number of

Items
75

°53
13
18
22
22

85
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IRT EQUATING:
 COMPARABILITY WITH LINEAR AND EQUIPERCENTILE EQUATING

In preceding sections of this report, the reasonableness of the
assumptions of item tresponse theory for the GRE Aptitude Test has been
assessed. Evidence has been presented that, to some extent, the assumption
of imensionality is violated within, each section of the Aptitude Test.
Degpite these violations, the andlysis of item—ability regressions indicated -
that, for the verbal items and two of the three analytical item types’
(logical diagrams and analytical reasoning), the three-parameter logistic
model fit the data weLl. The quantitative item types, particularly '
quantitative comparison “items, and ‘the analysis of explanations items were
fit less well by the modgl. Some quantitative comparison and analysis of
explanations'items show:E%l::al instances of an inverse relationship
between the prybability o sponding correctly to the item and estimated
theta (i.e., ngnmonotonicity). Nonetheless, IRT-based equating might .
well be robust to violations of these assumptions. This section will
compare a variety of equatings for three forms,of the GRE Aptitude Test.
The equating methods will be described, the equating plan will be outlined,
and the results of the various equatings will be presented compared, and
analyzed.

\ Equating Methods - PR

In practice despite efforts by test development experts, two forms
of the GRE Aptitude Test -cannot be expected to be of precisely equal
difficulty. Since it is inherently unfair to compare without adjustment
the raw scores of examinees who take two tests that differ in difficulty,
equating procedures have been developed to transform scores from different
test forms to a single scale. These equating procedures each consist of
two parts, a data ‘collection design and an analytdical method to determine
the appropriate transformation.

There are three basic designs for data collection *single“group,
equivalent group, and anchor test (Lord, 1975a). Equatings considered in
this study are based.on the latter two designs. In the equivalent-group
design, the old form (form already on scale) and new form (form to be
scaled) .are administered to random or otherwise equivalent samples from
the same populations. 1In practice this is dope through a procedure known
as spiralling (Conrad, Trismen, & Miller, 1977). Test books are packaged
alternating the old and new forms ‘and then administered within each test
center 89 that half the examinees within each test center take each form.
The anchor-test design'is one im which one form of the test is administered
to one group, another form to another group, and a common anchor test to
both groups. The anchor test alfows the equating transformation to take
the difference in abilities of the two groups into account; the equivalent-
group method depends on spiralling toqfinimize ability differences.

Three major analytical methods tQ determine equating transformations
were used in this research: equipercentile, linear, and item response

Y
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theory based true score equating. In equipercentile equating, a trans-
formation is chosen such that scores from the two tests will be considered
equated if they correspond to the same percentile rank in some group of
examinees. For linear equating, the chosen transformatfon is such that
scores from the two tests will be considered equated if they correspond to
the same number of standard deviations from the mean in some group of
examinees. The transformation chasen for item response theory based
equating is such that true scores from the two tests will be consideted
equated if they correspond to the same estimated theta (see Lord, 1Y80a,
chapter 13.5 for a more complete description of item response theory based
true score equating).

Nine variants of item response theory based equating were performed
in this research. These variants differ along three dimensions: (a) the
data collection design: equivalent group or anchor test; (b) the item
parameter linking procedure; and (c) the composition of the item sets used
in the LOGIST calibrations. For the equivalent—group design, the separate
calibrations for the old and, new forms are- assumed to be on the same scale
based on group equivalence, br the items in tne new form appeared in an
experimental section of the old form and were calibrated in a single
LOGIST run with the old form. For the anchor-test desfign, the parameter
estimates were either linked by the Lord-Stockifig robust procedure (further
divided into number of links to the base_scale: either one or two) or
were not linked. Three variants of the composition-of the item sets used
in the LOGIST calibrations were investigated: both old and new forms had
a single calibration per form of heterogeneous item types; the old form
had a heterogeneous calibration, but the new form had two separate
homogeneous calibrations; and both the old and new forms had two
homogeneous calibrations per form. Not all possible combinations of
these dimensions were used in this research.

Table 33 presents a concise description of the nine IRT equating

variants studied in this reé%earch and indicates designations (to be used
through the rest of this report) for each variant. Tables 33, 34, and 335
indicate which equating variants were used (respectively) for the verbal,
quantitative, and analytical sections. Table 37 describes the three ’
non—-IRT equating variants. Tables 38 39, and 40 indicate which of these *
variants were used for the verbal, quantitative, and analytical sections’

of each form. ’

. The equating variant designations given in Tables 32 and 3b follow a
straightforward pattern. The first character is the designation (I, E,
or L) indicates the: equating method is IRT Equipercentile, or Linear. -
The second character (E or A) indicates the general data collection
design, Equivalent group or Anchor test. The IRT equating variants are
designated with three or four characters. The third character (S, P, L,
t ' or W) provides information about the linking of item parameter scales:
separate calibrations whose scale equivalence is assumed based on Spiralling,
item parameters Precalibrated in the variable section of the old form, .
item parameter scales linked using the Lord-Stocking robust linking
procedure, or equating'Withouc linking item parameters (Lord, 198l). The

O 2 ' E;::
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~fourth character (V, H, or 2) either indicates the comp\bsicion of item

‘* sets used in parameter estimation: a heterogeneous, all Verbal items, '

""single calibration for the old form and two homogeneous, reading comprenension.
and discrete verbal separately, calibrations for the new form; two Homogeneous
calibrations for both the old and the new form; or, in the case of the IAL2
equating, that there were 2 1links in the chain to put the item parameter
estimates on scale. - . h ’

k




Table 33

Variants of IRT Equating and Their Designations -

Composition of item
sets used in param-

Data Collection Design

Equivalent Group

Anchor Test .

Separate calibra-
‘tions of opera-
tional items in
old and new forms

~assumed to be on

All operational
items in new

form 'precalibrated
in variable
section of old

Lord-Stocking robust liqying
procedure, .

thating with-
out linking
item parameters

eter estimation* scale based on form . ‘Number of links to base scale (Lord, 1981)

‘ group equivalence 1 : .2 '
Heterogeneous for . . ) ‘
old and new forms 1ES 1IEP IAL © - 1AL2 1AW
Hecérogengous for -
old form; homogeneous -
for new form : IES ol IALV *x Lia
Homogeneous for old > )
and new forms " 1ESH Kk IALH ** Tk

*The composition of item sets used in parameter estimation was varied only for verbal, for which discrete

verbal items and reading comprehension items were calibrated separately in some analyses.

**These variants were not studied in/this research.
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Table 34
" Verbal Equatings

IRT Variants and Forms Analyzed

Composition of item
setg used in param-

Data Collection Design

Equiv

alent Group

AnchorbTest

Separate calibra- All operational

tional items {1

_tions of opera- items in new

n form precalibrated

old and néw forms in variable

assumed to be

on section of old

H

Lord-Stocking robust linking
procedure .

Equating with-

out linking

“item ‘parameters

A

eter estimation* scale based on form Number of links to base scale (Lord, 1981)
' = group equivalence 1 2 )
Heterogeneous for - ZGR1 ' K~ZGR3 * K-ZGR2 -
old and new forms 3CGR! 3CGR1 - K=2GR2 K-2ZGR3-
. K-ZGR3
Héte;ogene&us for ZGR1 .
old form; homogeneous K-ZGR2 .
for new form 3CGR1 - R - K-ZGR3 ‘ ** Rk
Homogeneous for old ' ) ' ZGR1 RS
and new forms - 3CGR1 *k K-ZGR2 *% fadad
’ K~-ZGR3

.
**These variants -were

fot studied in

this research.
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-Table 35
Qpantitative Equatings /
IRT Varidnts and Forms Analyzed

Data Collection Design

Equivalent Group - Anchor Test
Separate calibra-  All. operatiopal’ :
tions of opera- items in new i
tional items in form precalibrated Lord-Stocking-robust linking Equating with-
Composition of item old-and new forms in variable ' procedufe - out linking
sets used in param- assumed to be on section of old . item parameters
. eter estimation ‘scale based on form ' Number “of links to base scale (Lord, 1981)
3 . ' grqup equivalence : 1 2
) Heterogeneous for , ' : ZGR1 K-ZGR3 ,
old and new forms 3CGRI 3CGR1 - K-ZGR2 ‘ ad
, K-2ZGR3 ,
Hetetoéeﬂeous for ’ N t
" old form; homogeneous N — .
- for new form - kk LR , LI Tk hh
Homogeneous far old ’ - . N
and new forms Kk Rk KK T 1 Kk

>

. . N
\ -

»
**These variants were not studied in this research. -
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Table 36 .
Analytical Equatings

Data Collection Design

Equivalent Group Anchor Test

Separate calibra-
tions of opera-
tional items in
old and new forms
assumed to be on

All operational . - -
items in new T
form precalibrated
in variable
section of old

Lord-Stocking robust linking
procedure

Equating with-
out linking
item parameters

Composition of item
sets used in param-

eter eskimation scale based on form Number of links to base scale (Lord, 1981)
‘group equivalence 1 - ’ 2

Heterogeneous for

old and new forms 3CGRI 3CGR1 | **x *k L *k

Heterogeneous for :

old form; homogeneous

for new form *k *k *h ok *h

Homogeneous for old '

and new forms ’ hk *k *k *k . . kK

**These variants were not studied in this research.
.1‘“'_"
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' Table 37
Variants of Non—-IRT Equating '
and Their -Designations
) Data Collection Design _
Method , Equivalent Group ) - Anchor Test
$
h . Equipercentile . EE o E
Linear . _LE — LA
]
Table 38
Verbal Equatings )
\ Non-IRT Variants and Forms Analyzed
\ . e
Data Collection lesign )
e e ey - ————
___Method ~~~ Equivaldnt Group = Anchor Test
Equipercentile ¢ 3CGR1 okl
i K-ZGR3 L o -
Linear 3CGR1
e k2GRS (KoZGRZ
A
! Table 39
Quantitative kquatings
qNon—IRT Variants and Forms Analyzed
' . bata Collection Design =
~__Method  Equivalent Group  _ Anchor Test _ ~
Equipercentile JCGRY M o
. Linear ‘ ' ICGR]1 .
e ko3 KSZORZ
*Equated through a combination of single-group and equivalent- s

group designs; see text in equating plan section.

**Thisg variant was not studied in thif research.
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Table 40
Analytical Equatings
Non=IRT Variants and Forms Analyzed

Data Collection Design

jMethod Equivalent Group ‘Anchor Test
Equipercentile 3CGR1 falla
Linear 3CGR1 K-ZGR2 -

*#*This variant was not studied in this research.

9, , . . o
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Equating Plan ‘ -~ ) } _

All IRT equatings used form ZGRlL as the old form. Parameter estimates
for the old form ZGRl items were based on the June 1980 administration,
with the exception of the IAW method which used data from the February
1980 administration. The linear and equipercentile equating for form
3CGR1 also used form ZGRl administered in June 1980 as the old form. The
verbal linear and equipercentile equatings of form K-ZGR3 used Form ZGRI
administered in December 1977 as the old form. The quantitative linear
equating of K-ZGR3 was complicated by the changing of one item. The
quantitative section of form K-ZGR3 was originally equated to form ZGRL
administered in December 1977 using the equivalent-group design. When
one item was changed, the unchanged items were used in equating to the
original, prechange form using data from April 1979, and then the total .
quantitative section 1ndluding‘che revised item was equated to the 54
unchanged items using data from the Ap?&l 1980 administration.

W

Figures 13, l4, and 15 present the equating plans for the verbal,
quantitative, de analytical sections. Although, in the most obvious -
sense, ZGRl administered in June 1980 (or February 1980 for the IAW
equatings) is the old form for the IRT equatings (that is, the item
parameters estimated from that administration’s data were used), it is the
iten parameter scale linking (with the exception of the IAW method) that
is most analogous to the equating links in linear or equipercentile
equating plans. It is during these links that statistical error and bias
can enter the equating system. The numbers in the boxes in Figures 13,
l4, and 15 indicate the numbers of items in the operational section.

v

Judging the Adequacy of Equatings

Unfortunately, there,is no unarguable objective criterion available
to judge\che adequacy of the equatings in this research. It is inappro—
priate to use the linear or equipercentile equatings as a criterion or
me thod, particularly since (with the possible exception of the quantitative
section in form 3CGRl) the assumptions upon which the linear and equi-
percéntile methods are based are violated. As we have little evidence
concerning the robustness of IRT equating to violations of its assumptioens,
we also have little evidence concerning the robustness of most of the
classical methods (see, however, Marco, Petersen, & Stewart, 1979, and
Petersen, Marco, & Stewart, in press, for a detailed analysis of the
robustness of many anchor-test design methods). Further consideration of
the assumptions of the equating variants used in this study, evidence
concerning the violation of these assumptions, and interpretation of the
equating results based on this evidence will be presented in the discussion
section of this chapter.
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Figure 13

Equating Plan for Verbal Scales*

L
Administration Base scale  ZGRI K-ZGR2 K-ZGR3 3CGRI
Date . LA

1/77 , N Ilhl
LA ’ -
10/77 ‘_. m

12/77 [§§]< LE,EE ;[‘ﬁgaj

12/79 80 TALZ
2/80 ’ IALV, IALH, IAW

. .

IAL, IAL,IALV, IALH, IAW
4/80 . IALV, 80

IALH -

6/80 — 80 [r157]

IES, IESV, IESH, IEP,
LE, EE :

i

¢

*The four administrations of form ZGRl, two administrations of form K-ZGR2,
and two administrations of form K-ZGR3 are each assumey to be intraequated
by virtue of the respective identity of their items.
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Figure 14

Equating_.Plan gor Quantitative Scales*

B

Administration Base Scale ZGRl ) K-ZGR2 K-ZGR3(1) K-ZGR3(2) K-2GR3(1) 3CGRI1

Date
i LA
‘ 1/77 l TJ
LA .
. . 10/77 155 55

12/77 | Lt {55]
4/179 | e

IAL2 **
12/79 , ‘ :
IAL

2/80 55
IAL IAL P

. 4/80
IES, IEP, LE, EE
6/80 —-(jik [55]

/

*The four administrations of form ZGRl, two administrations of form K-2GR2,
and two administrations of form K—LGRJ(I) are each assumed to be intraequated
- by- virtue of the respective identity of their items.

k*gee text ‘ ' ;

~ »

Figure 15

Equating Plan for Analytical Scales

. Sy

Administration ZGR1 3CGR1
Date ‘
IES, IEP,LE,EE

6/80 .::Z§]<%—--~—~ 66
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Results .
Verbal equatings. Table 41 presents means, standard deviations, and
skewnesses based on the various verbal equatings. Two factors went into
the computation of these summary statistics: the relationship between
raw and scaled score, as produced by the various equatings, and a frequency
distribution of raw scores. This frequency distribution is simply a
convenient vehicle for converting the vectors of scaled scores into the
more easily interpretable, scalar, summary statistics presented. Any
reasonable distribution would have been appropriate. The distributions
used were based on the groups of examinees who took each of the forms when .
they were first administered. The equating tables and frequency distri-
butions used to compute Table 41 are presented in Appendix A.

[t should be noted that the means and standard deviations for the
linear and equipercentile equatings based on the equivalent—group design
are virtually identical. This is to be expected as they are based on
identical data and the linear equating sets the first two moments of the .
old and new form distributions equal and the equipercentile equating sets
all moments of the two distributions equal. Since only five significant
digits were retained in the computations, minor differences due to small
losses in accuracy in the computation of the standard deviations are
noticeable.

Figures 16, 17, 18, and 19 plot the various equatings for the verbal
sections of, respectively, forms ZGRl, K~2GRZ2, K-ZGR3, and 3CGRl. This
type of plot tends to point out the similarities between equatings more
than the differences. A residuals plot is often more informative. In such
a plot the difference between each equating and a comparison equating is
plotted against raw score. Figures 20, 21, 22, and 23 are residuals plots
us ing Lhe IEP or IAL equating as the comparison, whichever is available.

Qudntltdtive equatings. Table 42 was computed in the same way that
Table 41 was computed and compares the various quantitative equatings.

The equating tables and frequency distributions used to compute Table 42
are presented in Appendix A. Figures 24, 25, 26, and 27 are plots of the
various quantitative equatings for forms ZGRl, K-ZGR2, K-ZGR3, and 3CGR1L,
respectively. Figures 28, 29, 30, and 31 are residuals plots using the IrP
or 1AL (whichever is available) equating as the comparison.

Analytical equatings. Table 43 presents the means, standard deviations,
and skewnesses based on the analytical equatings of form 3CGRl. The
equating tables and frequency distributions used to compute Table 43 are
presented in Appendix A. Figures 32 and 33 are, respectively, a plot of
the equatings and a residuals plot (using the IEP equating as the comparison)
for the analytical section of form 3CGRI.

Discussionﬂgf_Equatings /¢7

Lord (1980a, chapter 13) states that two tests cannot be equated
unless they are perfectly reliable or-strictly parallel. The first case

\ ' | Luy
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- \ Table 41

Verbal Equatings a
Means, Standard Deviations, and Skewnesses

-

Equating Forms

Variant .
3CGRI1 K-ZGR3 K-ZGR2 ZGRI1

Mean S.D. Skew  Mean S.D. Skew Mean S.D. Skew Mean S.D. Skew

IES 473.27 125.14 .14 * * * * * * * * *
IESV 475.80 123.39 .13 * * * * * * * * *
IESH  473.39 126.51 .15 * * * * * * * * *
IEP 473.81 125.47 .18 “ o * * * * * * *
IAL * * * 504.93 122.19 .08 496.68 125.14 .05 500.81 128.06 -.02
IALV * * * 506.26 119.40 .12 500.46 120.12 .04  502.98 124.65 .02
IALH * * * 504.54 122.58 .11  498.66 123.30 .05 501.26 127.78 .02
IAL2 * * * 504.22 122.13  .U8- * * ok el
LAW * * X 504.66 123.23 .14 503.18 125.66 .08 * * *
EF, 473.29 123.30 .20 507;70 124.23 .03 * * ‘ooow o *
LE . 473.29 123.35 .10 507.70 124.20 .02 * * * * o x
LA ok * * * * % 502.% 126.26 -.01  501.69 126.75 .02 .

aThe cells in this table in which asterisks appear represent equatings that were not
carried out in this study.
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Figure 23
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Table 42

Quantitgtive Equatings
Means, andard Deviations, and Skewnesses

a

-

Eguating ’ : Forms =~ ' o,
Variant o ‘ ' -

3CGR1 _ K-ZGR3 K-ZGR2 Z4GRI1

Mean S.D.” Skew Mean S.D. Skew Mean S.D. Skew Mean S.D. Skew

1ES 499.75 123.38 .15 x %k T x . % %
IEP  494.81 123.65 .12 * x x x x x % x x
IAL x x x  493.18 128.91 .04  530.09 127.48 -.11  526.55 133.75 -.10
IAL2 * x % 492.98 130.75 .04 . * X % X %
EE 498.65 130.39 .01 * x x x x x x * *
LE 498.63 130.31 .17 486.06 134.94 .18 % % x * " X
LA x x x * * 525.55 133.33 —.01  524.50 133.47 .07

>

8The cells in this table in which asterisks appear represent equatings that were not
carried out in this study. '
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Table 43 |

Analytical Equatings

Means, Standard Deviations, and Skewnessess

v
Variant ____.___________299§L~_; _____ .
. __Mean ___ S.U. ___Skew
IES 495,12 125.44 o '
IEP 470,29 123.25 -.40
EE 497+ 37 125.99 -.29
LE __a97.3(; I TR S U]
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is not possible and in the second case equating is not necessary. -Assuming
_that we never have strictly parallel tests (and this assumption will-be

" made throughout the rest of this chapter), and given the impossibility of

equating fallible tests, ‘one can still attempt to adjust scores as .
equ1tabl§ as possible. The various equating models examined as part. of
this research are based on a variety of assumptions and are affected by a
variety of factors. In order to judge the operational feasibility of IRT
equating it is important to consider these factors and ‘their potential
though unknown effects on IRT, linear, aM®equipercentile equating methods
and the equ1valent—group and anchor—testfdata collection designs.

All equating, as mentioned prev1ously, requires perfectly reliable
tests. Additionally, all equating methods require that the tests to be
equated are unidimensional (Morris, in press). How then do other assump-
tions (and the potential effect of violation of these assumptions) differ
for IRT, equipercemile, and linear equating models?

Violation of the assumption of unidimensionality might lead to more
serious consequences for IRT equating than for limear or equipercentile.
This is because IKT is a stronger, more specific model; that 1is, IRT
asbunes .unidimensionality explicitly 'at the item level. In contras
all that is required for linear and‘equipercentile equating is' unidimen-
Vs1onality at the test level. Each, Yhowever, requires unidimensionality in
order to establish a single unambiguous, constant metric. Thus, the
possible difference in effect of the violgtion of ‘'unidimensionality is
unclea? . .? ‘

Some equating problems are based on the constraints of available
data. The sparseness of data for low ability examinees makes it difficult
to estimate the pseudoguessing.parameter. Lack of appropriate data can
also make it difficult to estimate the discrimination and difficulty
parameters of very easy or very difficult items. Additionally, items that
discriminate very poorly have poorly determifed difficulty parameters
(Kingston and Dorans, 1981, ghve~an example of an item with parameters
estimated on two ,samples of over 1,500 examinees where the estimate of b
varied:from more than +l.5 to less than -1.5). Similarly, equipercentile
equating frequently suffers from a sparseness of data at the extremes of
.the score scale, which can lead to poor equating at those extremes. To a
lesser extent, linear equating can be affected by outlying values having
an undue influence on the mean and standard deviatien. With the sample
sizes typically used in equating the GRE Aptitude Test, however, this does
not cause any difficulties. ) :
=0 L

Though' Lord nhas shown that equating nonparallel tests requires
perfect reliability, different equatings are probably differently affected
by both imperfect reliability and differences in reliability between old
“and new test forms. It is likely that equating methods based on true
score estimates (whether they are based on IRT or classical methods) are
less adversely affected, at least by differences in reliability.

Even if a lack of parallelism between test forms is attributable
solely to differences in item difficulties and/or discriminations (and is

12
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unrelated to multidimensionality), different equating metnods will be
influenced differently. Lack of stat#8®gal parallelism-between forms
rédsults in a curvilinear equating relationship. We know'that we cannot
produce strictly parallel cests and that, if we could, equating would be
unnecessary (Lord, 1Y80a).’ Thus, it is cleéar ‘that linear equating can
never precisely define the relgcionship pbetween test scores on different
forms. In many circumstances’ the depaftures,from linearlcy appear: minor,
but, as test forms become less para '
appropriate.

estimation problems (Braun' & Holland iﬂ press; 4 ‘
Morris (in press) suggested: linear equatiné i ghc be;pmeterable to equ1-
percentile equating if chere .are’. too few 1tems, but;’ did not define "too
few.” Ppotthoff (in press): suggested noﬁ rqpnding tormula scores betore
equipercentile equating or- using IRT based équating to avoid proulems
caused by daCa discreteness. AR R T - :

4

= . Data collection designs necess1tated by adt nistrative complexities
can lead to other problems with equating 1he anchor*tesc de51gn allows
one to adjust for differences in examinee ability.‘ There is evidence,
however, that as the difference in ability between the two groups becomes
larger, the quality of the equating based on'the anchor des1gn_decreases

(Marco, et al., 1979; Petersen, et al., in press). 3Since IRT equating is

based on item parameters that are invariant with'respect to examinee
vability, it may be more resistant to this problem. This is supported by

the Marco, et al. results. :

) The equivalent-group design, as it.is typically used, based on practical
considerations, also presents a probleu. when an old and new form are ]
spiralled, the old form has previously been exposed. Some of the examinees
may have previously taken the old form.and thus might be expected to
perform better than their fellow examinees who have either taken a different
old form or have not previously taken the test. Examinees taking tne new
form cannot experience a comparable benefit. Thus mean scores, to some
small extent, may be artificially high on the old form compared to the new
form and might consistently make the old form seem easier (although
probably to an unnoticeably small extent) than it is. Such a systematic
bias might lead to an eventual scale .drift.

IRT based equating, as we have chosen to implement it, is not affected
by speededness in the same way as are linear and equipercentile equating.
To minimize multidimensionality, contiguous items to which an examinee has
made no response and which appear at the end of a separately timed section
were coded as "not-reached” and were not used in the estimation of the
examinee's ability. Likewise, these “'not-reached” items were not used
in estimating the parameters of the items. Thus, the IKRT metnod attempts
to equate a more unidimensional ability metric. Since equating (as
commonly used) provides a scaled score that is a function of an observed
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score, and since these observed scores have variance due to speededness,

IRT equating based on item data including "not-reached” items might be

subject to some problems ‘that do not affect classical equating methods.

If two forms of a test differ in speededness, IKT based equating,

inappropriately, will not reflect this. The resulting bias in equating

should be trivial if the variance due to the speed factor is very small

compared to the variance due to the power factor or if the difference is -
speededness is quite small.

Verbal equatings. Table 41 shows that most verbal equatings produced
.similar results. BSeveral findings are notable. As mentioned earlier,
separate calibrations of discrete verbal and reading comprehension item
sets were performed to investigate dimensionality. For both the equivalent- ¢
group design (IES, IESV, IESH) and the anchor-test design (IAL, IALV, '
IALH) the effect of multidimensionality and item calibration design was
further investigated with three equatings for each test form (see the ‘
equating method section of this chapter for greater detail). If tne ‘
verbal section of the GRE was perfectly unidimensional or it IRT equating |

\

was highly robust to violations of unidimensionality, there would be no
systematic differences among the three equatings; the only differences .
would be due to sampling error. If dimensionality is a factor, one would"
expect the IES and IESV (or IAL and IALV) equatings to be more aifferent
from each other than from the IESH (or IALH) equating. Examination of
Table 41 shows this to be the case. Surprisingly, there is very little
difference between the IES and IESH equatings and IAL and IALH equatings.
The difference between means based on the two equatings for forms 3CGRI,
K-26K3, and ZCrl are .12, .39, and .45, respectively. The difference
between standard deviations is somewhat larger for one of the three forms:
1.37 versus .3Y and .26, Form K-ZGR2 shows a somewhat larger discrepancy:
1.98 for the means and l.s4 for the standard deviations.

Form ZGRl allows the most straightrorward assessment of IAL, IALV,
and IALH equating. In this one case, the LA equating is a true criterion
since form ZGRl has been equated to itself, and the LA statistics are
based on given (and, for our purposes, we can assume arbitrary) scaling
parameters that are also part of the IAL, IALV, and IALHd equatings. The
IALH equating is in closest agreement with the LA "scaling.” This mignt
simply be due to ditferential sampling fluctuations 1in the item parameter
estimation procedure (almost but not quite -identical samples were used
in the three calibrations, see pages lv through 31) but the possible N
superiority of the equatings based on homogeneous subsets deserves

i further investigation.
|

The IEP equating has summary statistics quite similar to the IES
equating and not quite as similar to the LE and EE equatings. ‘The ILEP
equating is based on a stronger parameter lifking than the ILS equating
(spiralling versus a single LOGIST run), but the IEP estimates are potentially
subject to a practice or item position effect. Kingston and Dorans (19482)
have shown that the position of GKRE verbal items when administered has
no systematic effect on item parameter estimates. Several factars could
be responsible for the differences (though relatively small) between tne
IES and IEP and the LE and KE equating results. Though the relative
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efficiency graphs (see Appendix B, figures B.4a through B.4d) do not show
evidence of a lacR of parallelism, form ZGRl was more speeded than form
3CGR1 (80 percent of the examinees taking a spiralled subform (C47) of
ZGRl reached 61 items; 80 percent of the examinees taking a similar
subform (C41) of 3CGRl reached 65 items). Unlike the equatings for forms
K-ZGR3 and K-ZGR2, the equatings (IRT, linear, and ‘equipercentile) for
form 3CGR1 were all based on samples from che'same data (EE and LE were
based on identical data; IES, IESV, and IESH were all based on an almost
identical subset of the EE, LE data; IEP was based on an essentially
random one half of the IES sample). ; -

¥The IAL and IAL2 equatings of form K-ZGR3 have very similar summary
statistics. The minor differences (.71 between means, .06 between standard
deviations) are a result of the extra link in the parameter scaling using
the IAL2 method. It is encouraging to see that these differences are
small. Ignoring the IALV and IAL2 equatings since there is no theoretical
reason for evé?\gpefering them, the means -and standard deviations for the
IRT equatings (IALJALH, IAW) are more, similar to each other than they.
are to those of the LE~and EE equatings. Much of this difference migKt be
attributable to differefces in the groups on which the equating data are
based. The three IRT equatings were based on data from a different group
of examinees than that ajailable for the LE and EE equatings. It should
be noted that the .95 conkidence interval of the LE equating is no suwaller
than +2.16 scaled score points at its smallest point, the mean of the
distribution (based on data\given in Stewart, 1981).

The results of the K-ZGR2 verbal equatings are less clearcut. The
means based on each method differ from all other means by at least 1.02
and range from 496.68{(IAL) to 503.18 (IAW). The standard deviations
(ignoring IALV) range \from 123.30 (IALH) to 126.26 (LA). The two most
similar results are for\]JAW and LA (difference in means was 1.02, difference
in standard deviations wa®<60),—" '

Quantitative equatings. The quantitative equatings, as compared
using the means and standard deviations given in Table 42, appear to be
less similar than the verbal equatings. For form ZGRl, the linear equating
parameters from which the LA data were derived are part of the scaling for
the IAL equating. Thus, we would expect to reproduce the LA mean and
standard deviation quite closely. The difference in standard devations
(.28) is acceptably small. The difference in means appears somewhat large
(2.05). Unfortunately, we do not have an estimate for the standard error
of equating for the IAL method to help put these differences in perspective.

All four quantitative equatings performed on form 3CGRl were based on
data from the same administration. The IES mean was not so different from
the EE and LE means (l1.12), but the IES and IEP means differed by 4.94
scaled score points. Even more striking is the difference between the IRT.
based standard deviations and the EE and LE based standard deviations,
approximately 7 scaled-score points. While the parameter estimates for
the 3CGRl items were based on samples of only about 2,500 for the IEP
equating and about 5,000 examinees for the IES equating, it seems unlikely
that these differences can be attributed solely to sampling fluctuation in
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the parameter estimation process. Although the difference in means
between IEP and IES is in the direction that would be expected it there
were a practice effect (items being easier when calibraled in tne fifth , .
section than when calibrated in the operational section), Kingston and )
|
|
|
\

Dorans (1981) investigated actice effect on the item level and .found no
evidence. supporting this pothesis for quantitative items.

Figure 27 compares the equating lines for the various methods used on
3CGRl quantitative. The mosy{ st t is the marked curvilinearity v
quating is also quite nonlinear, altnough .
gs. The relative efficiency curves provide .
direct evidence of marked arallelism of these two forms (Appendix
B, Figures B.8a and B.8b). addition, examination of the formula
raw score data for spiralled samples based on subforms C49 (ZuRl) and
Cob4 (3CGR1) provides evidence of differential speededness. On ZGRL, U
percent of the examinees reached item 5V, on 3CGRl, BU percent of the
examinees reached item 44. Similarly, on ZGRl,nonly 50.1 percent of the |
examinees completed the test wnile, on 3Cukl, only 34.8 percent finished
the test. These results must be considered in lignt of tne difficulty of
the two forms. The mean raw score of the: ZURl sample was 24.5Y, in the
3CGRl sample, it was 24.52. Thus, since the forms contained the same
number of items, the forms are of different speededness, and tnis might
bias the IES and ILEP equatings. . |

of the IRT equatings. The E
not as nuch as the IRT equat

Results for the K-ZGR3 and K-ZGRZ equatings are also difficult to o
interpret. The means and standard deviations based on tne IRT equatings .i
di ffer from the results of the linear equatings. For the IRT equatings, |
we know there are potential problems with dimensionality and 'model fit. ‘
For the K-ZGR3 quantitative equating, LE is really a complex combination
ot equatings. The base of that series was the equating of the original-
K-ZGK3 to ZGRl. Figure B.7a provides evidence that these forms have
markedly nonparallel quantitative sections. This explains tne curvi-
linearity of the IRT equatings for K-ZuR3, and the consistency of this
nonparallelism for quantitative forms suggests that the appropriateness

\'of linear equating for the quantitative section of the GRE should be
further investigated.

Analytical equatings. Statistics based on the analytical equatings
of form 3CUR1 are presented in Table 43. The most noticeable result is
the extremely low mean based on the IEP equating. This difference of N
o 27.07 points between the IEP mean and the LE (the least different) mean is
due to practice effect, most noticeably on the analysis of explanations
items. This effect is more fully documented by Kingston and Dorans .
(1981).

The mean and standard deviation for the ILES equating are somewhat
different from those for LE and EE (.75 and 3.51 between IES and Ek).
The relative efficiency graph (B.Ya) and the curvilinearity of both the
IES and EE equatings suggest that the LE equating is not appropriate
because of the nonparallelism of the two forms. Problems with the model
fit of analysis of explanations items and the complex factor structure of

!
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" the analytical section further codplicate‘the interpretation of these
results. " '

Shifts in dimensionality. A general consideration for interpreting
the results of GRE equatings is the possibility of shifts in the dimen-
. sional characteristics of the test sections due to nonrahdom choice of
administration dates By markedly different types of students. Mathematics
and science oriented students tend to také the GRE Aptitude Test in the
fall while social science and education students tend to take the test in
the spring. It is likely, to the extent that this difference in factor
structures across administrations exists, that all equating methods will
be somewhat affected, although perhaps to different degrees. .
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SUMMARY, DISCUSSION, AND “RECUMMENDAT IONS

The research reported here is based on tne GRE Aptitude Test as it
was structured during the period from December 1979 through June 1980.
At an egrly stage of this research it was decided that the analytica
section would soon undergo substantial revision. Consequently, this
research focuses on the verbal and quantitative sections. Moreover,
in October 1981 the verbal and quantitative sections and the general
structure of the entire GRE Aptitude Test were revised. Factors from
this restructuring chaJ are most likely to affect the use of item response
theory are the . increase in the time-per-item allowance, changes in-the
relative proportions of certain item types, and the shift from formula to
rights only scoring. It is difficult to forecast tne exact effects of
these changes. Recommendations to be presented will be influenced by
expectations about the effects of these changes.

This final section of the report summarizes the findings of the
various portions of the research, and then synthesizes these findings.
The topics to be summarized are: the basic assumptions - of item response
theory, iwmplications of previous factor analytic research conducted on
the GRE Aptitude Test, assessment of the weak form of:local independence,
analysis of item-ability régressions, temporal stability of item parameter
estimates, sensitivity of parameter estimates to violations of unidimen-
sionality, and comparisons of item response theory equating wich equi-
percentile and operational linear equating.

Sumaary

The basic assumptions of item response theory. One of the major
assumptions of item response theory is that performance on a set of items
is unidimensional, i.e., the probability of successful performance by
examinees on a set of items can be modeled by a mathematical model with
only one ability parameter. A second major assumption is that tne proba-
-bility of successful performance on an itewm can be adequately described by
the three—parameter logistic model, a particular item response theory
model that seems particularly applicable to binary-scored multiple-choice

items.

Une consequente of the unidimensionality assumption is the mathematical
concept of local independence. The weak form of local independence, which
was assessed in this research, states that item responses are uncorrelated
at fixed levels of ability, i.e., after taking ability into account, tnere
are no systematic shared influences on item performance.

Implications of previous factor analytic research on thé GRE Aptitude
Test. Four factor analytic research studies conducted on the GRE Aptitude
Test were reviewed in order to assess the dimensionality of the test, to
idéntify sets of homogeneous items, and to extract nypotheses about cne
GRE Aptitude Test that could be tested in other phases of this research.
The four factor analytic studies provided strong evidence’ for the existence
of three large global factors: general quantitative ability, reading
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comprehension or general. verbal reasoning ability, and vocabulaky or
discrete verbal ability. 1In addition, the factor anmalytic studiles provided
evidence for the existence of several smaller factors: a data ipterpreta=
tion factor, a technical reading comprehension factor, and a speeddfactor
on the verbal scale. )

As a consequence of these studies, verbal items were separat d into a
reading comprehension set and a discrete verbal set for the purpoges of
item response theory analyses. However, the studies also suggested
separation of the data interpretation items from other quantitatiye items
and the further breakdown of reading comprehension items into a set of .
‘technical reading comprehensjioh items and a set of other reading
hension items. Doubts about the practical significance of these

dimensions, coupled with che‘facc that there were too few items t yield
stable linking of ability scales through item response theory itep-~difficuley
estimates, led to the conclusion that the construction of separatp data

interpretation and reading comprehension scales was not feasible,| given
the current structure of the GRE™ Aptitude Test.

Assessment of the weak form of local independence. The wealj form
of local independence states that, for a given ability level, it responses
are uncorrelated. This local independence condition was assessed via the
examination of item intercorrelations with estimated ability partiialled
out. Partial correlations both with and without a correction for guessing
were examined. ' . ' -~

>

The analysis of partial correlations for the verbal subtest |uncovered
two systematic sources of local independence violations: a reading
comprehension factor and speededness. The analysis of ‘partial cdrrelations.
for the quantitative test revealed that the data interpretation- fitems '
retained positive intercorrelations af ter overall quantitative ability was
partialled out, thus providing-evidence for another source of local
independence violations. In sum, the partial correlation analys
produced findings consistent with expectations based on the previpus
factor analytic studies. ’

*

Analysis of item—ability regressions. The item response fung¢tion of
item response theory can be viewed as a theoretical form for the
of item score- (1 = a correct response, O = an incorrect response) |onto
underlying ability. Actual item performance for each ability leveql can be
obtained from the data and plotted for, various levels of - ability
an empirical item—ability regression. Comparisons of estimated itjem

_ response functions to actual item—ability regreséibns enable one t

" assess the fit of the three-parameter logistic- model to the data.
graphical technique, referred’to as analysis of item—ability regre sions,
was devised to assess fit via these comparisons of estimated and empirical
iceﬁrability regressions. '

On the basis of the analysis of item-ability regressions, it whs
determined that all of the verbal item types and two of the analyti al
ftem types, logical diagrams and analytical reasoning, seemed to be|fit
better by the three-parameter logistic model than the three quantitative
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item types and the analytical analysis of explanations item type. OUf
these latter four item types, regular mathematics and data interpretation
items seemed to be fit only a little less well than some of the better-
fitted item typess+ Quantitative items were the most difficult items for
the three-parameter logistic model to fit. Analysis of explanations items
keyed other than B or E were fit by the model quite well, but those keyed
B or E had the highest proportion of model fit scores that indicate poorer
fit of any of the item classifications under study.

Temporal stability ot item parameter estimates. Theoretically, an
item response function for an item should not be affected by when the item
was administered, provided a-‘common ability metric has been establisned.
The section on parameter estimation and item linking procedures described
the procedures used to place all item parameter estimates on the same
scale. The dual administrations of Form ZGRl, once in February 1Ys50 and
once in June 1980, enabled us to assess the temporal stability of item
parameter estimates. ) .

For tne discrete verbal items, the item difficulty paraweter, o ,
the item discrimination parameter, a , and the item response functio
derived estimate of conventional irefi difficulty, p , all exhibited
much temporal stability. The psuedoguessing'parame%er, which 18 the
most difficult parameter to estimate, exhibited less Cemporal stability.

For the reading c¢omprehension items, b , a and p all exhibited
much témporal stability. The c estimates,ghowéver, wgre much nore
sensitive to administration dateg.

All quantitative items had very stable item paraméter (a_, b , and
¢ ) estimates, and very similar conventional item difficulty Estiﬁacas,
p’, over time. -

24 L.

Sensitivity of parameter estimates to violations of unidimensionality.
LLvidence indicating that verbal items are not homogeneous, i.e., thdt they
measure more than one dimension, was presented in the factor analytic
review, the assessment of local independence, and the item-ability regres-
sions. Comparisons of item parameter estimates based on calibration of
heterogeneous sets (all verbal items) and homogeneous sets (discrete
verbal only or redding comprehension only) were suggested by these earlier
results.

Liscrete verbal and all verbal calibrations of discrete verbal
fitems produced considerably more similiar estimates of item discriwmination
tnan the reading comprehension and all verbal caliprations of reading
comprehension items. The discrete verbal and all verbal calibrations
produced slightly more similiar estimates of item difficulty, b , for the
discrete verbal item tnan the reading comprehension item estimates of b
produced by the reading comprehension and all verbal calibrations. Whe
compared to the results for a estimates, the b estimates exhibited much
less sensitivity to homogeneIGy of item sets.
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With the exception of the c_ estimates of the discrete verbal items
of form K-ZGR2, the c estimatesgappeared fairly robust to heterogeneity
of item calibration s8t. The exceptional results obtained for the discrete
verbal items of form K-ZGRZ were an artifact produced by the choice of
constraints used by LOGIST to estimate c_ for items that are deemkd too
easy to provide well-determined estimate8 of c¢ . Compared to a_and b
- egtimates, however, the.c estimates teflectedggreaCer aensitivity*to gtem
heterogeneity, a résult pgrtly reflecting difficulties inherent in obtaining
stable estimates of cg: . -
The similarity of p_ estimates based on heterogeneous versus
homogeneous calibrations®was very high. An inference suggested by this
high degree of similarity is that the observed data can be approximated -
equally as well by sets of heterogeneous items (all verbal) as by sets of
homogeneous items (discrete verbal, or reading comprehension).

Comparability of ability estimates based on homogeneous and hetero- ,

geneous sets of items. All verbal items were calibrated at least twice,
once with a set of homdgeneous items of like type, e.g., discrete verbal
or reading comprenension, and once with a set of heterogeneous items “
comprised of both discrete verbal and reading comprehension items.

* This procedure produced three ability scores for each examinee:¥\verbal
ability score based on all verbal items, a distrete verbal ability
score based on discrete verbal items, and a reading comprehension score
based. on reading comprehension items. Correlations among these ability"
estimates and among proportion-correct true scores based on these ability
estimates provided evidence for the existence of two distinct, highly
correlated reading comprehension amd' discrete verbal abilities. Evidence .
was also provided fon thinking of the /overall verbal ability score as a
weighted composite of the discrete verbal and reading comprehengion
‘abilities. Although the overall verbal ability score appears to have
resulted from LOGIST being drawn toward the discrete verbal dimension
during parameter estimation iterations, the correlations it has with the

~ discrete verbal and reading éomprehension abilities are consistent
with the correlations one would expect if the ovérall verbal proportion-
correct true score were defined. as a weighted composite of the discrete
verbal and reading compréhension true scores, where the weights were
relative number.of discrete verbal and reading comprehension {tems,
respectively. Of course, the correlation between discrete verbal and
reading compre gion abilities is high enough to ensure that any set of
positive weightIng coefficients would produce a composite dimension that
was proximate to the verbal dimension. In sum, the evidence provided
support for the existence of two distinct, highly correlated discrete . .
verbal and reading comprehension abilities that can be combined to, produce
a composite ability that closely resembles the general verbal ability -
dimension defined by LOGIST.

Equating comparisons. A statistical equating method is an eupirical
procedure for determining a transformation to be applied to the scores on
one form to produce scores that are on the same scale as the other form.
As such it consists of two parts, a data collection design and a set of
rules for determining the transformation. Two data collection designs

ERIC 13;
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(equivalent group and anchor test) and three-general statistical wethods
of equating (equipercencile equating, linear equating, and item response
theory based true score equating) were used in this research.
i

In general IRT equating methods seemed to give reasonable results for.
the verbal equatings. The results for the quantitative section equatings
are mqre questionable for several reasons: the relatively poor model fit
of the quantitative items, particulatly quantitative comparison items, and
the possible shifts in dimensionality due to nonrandom choice of adminis-
tration dates by markedly different types of students. That is, mathematics
and science oriented students tend to take the GRE Aptitude Test in the
fall and social science and education students tend_to take the test in
the spring. Results for the analytical section are marked by the large
practice effect for IEP equating. The IES equating seems reasonable.

1

-

Synthesis

The major purposes of this research were to address the reason-—
ableness of the assumptions of item response theory and the robustness
‘of item response theory methods ‘(applied to the GRE Aptitude Test) to
viglations of these assumptions. The research was motivated by a need to
address the psychometric feasibility of ‘applying IRT methods to the GKE
Aptitude Test items and populations. Test disclosure legislation and its
etfects on operational equating strategies served as a major impetus for
the need to address psychemetric feasibility. If applicable to the GRE
Aptitude Test, item response theory would provide powerful, flexible tools
for in-depth analysis of test forms and items, the maintenance of score
scales via equating, and the development of better and more efficient test
forms that could be tailored to fit specific needs.

Fit of item response theory model to the URE Aptitude Test items and

exaninee_gggpiggiggg. Any evaluation of the fit of a mathematical model
to data should be made from a realistic¢ point of view that recognizes that
all models are the products of human minds that attempt to understand
and predict phenomena. As such, models never complet&ly fit the data.

Fit is a matter of degree. b

The three-parameter logistic model seems to fit the GRE Aptitude
Test data regsonably well for verbal and less well for quantitative and
analytical. " Evidence exists for the violation of local independence on
all three scales of the test. OUn the verbal scale, the factors underlying
reading comprehension items, particularly technical reading comprehension
items, and speededness contribute to the lack of fit of the three-parawmeter
logistic model to verbal items. Despite the existence of these sources of
local independence violations, the model fits all verbal items reasonably
well, as evidenced in the iCem-abilisy regression analysis, the relative
insensitivity of item parameter estimates to homogeneity of item parameter
estimation sets, and the verbal equating results. The shift to number
right scoring will probably not enhance the fit of the three-parameter
logistic model to verbal item types. The increased time per item should

t
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diminish discrepancies between IRT and other.equatings when forms are
differentially speeded.

- On the quantitative scale, the data interpretation items were influenced
by some systematic source of local independence violations, as evidenced
in the chapters on the factor analysis review and the assessment of the
weak forfm of local independence. The item-ability regression analyses and
the equating results demonstrated that the three-parameter logistic model
does not fit the quantitative items as well it fits the verbal items. The
' quantitative comparison item type was the most difficult item type to fit;
there were some instances of marked nomnmonotonicity of empirical item-
ability regressions for this item type. The relative lack of statistical
parallelism of the quantitative tests probably contributed to the greater
dissimiliarity between scaled score distributions produced by the IRT.
methods and those produced by the operational linear method. .

Ve

4\

The three-parameter model fits the verbal items better than the
quantitative iteus despite the fact that the dimensionality analyses
appear to indicate that dimensionality is a greater problem with the
verbal item types than with the quantitative item types.

Application of the common factor model, a linear model, to the GRE
Aptitude Tes't, clearly identified two major verbal dimensions, reading
comprehension and discrete verbal, as well as some minor dimensions. On
the other hand, factor analyses of the quantitative items did not produce
two clearly defined major dimensions. Perhaps, however, the subtle
dimensionality problems implied by the item—ability regression analysis N
present a greater problem for the quantitative scale than does the grosser :
multidimensionality of the verbal scale. The verbal scale appears to be

" composed of two clearly defined, highly correlated dimensipns that are-
amenable to modelling by a two~factor linear model. The high correlations .
) between the two dimensions indicate that, while distinct, the two major
categories of items are not very far from being considered functionally
homogeneous. As a consequence of this functional homogeneity; the three-
parameter logistic model fits the verbal data well, and the results of IRT .
and linear equating are to a large degree sgimiliar.

‘ - In contrast, the quantitative scale does not seem to be fit as well
'by either the nonlinear three-parameter logistic model nor a linear
‘' model. As a consequence, the linear common factor model does not describe
' quantitative data as™ell as it does verbal data and is, therefore, less
‘ useful as a tool for acbyrately assessing the dimensionality of the

quantitative items. In other words, the guantitative scale may be composed
' of heterogeneous items that are influenced BY\pulciple dimensions that can
not be adequately described by the linear common factor model. Empirical
* . evidence for this hypothesis exists in the relative efficiency curves for
- thefquantitative subtests and the observed correlations between the
g - .different quantitative item types. The former demonstrate a relative lack
of statistical parallelism, while the latter demonstrate that data inter-
pretation items share relatively little in.common with other quantitative
items.

. ERIC ' 13,
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.method most susceptible to practice effects, as witnessed in the analytical

.The three-parameter logistic model does not fit analytical items
as well as it fits verbal items. The soon-to-be-replaced analysis of
explanations item type is the major source of local independence violations.
This item type is very susceptible to practice effects, which are problematic
for the precalibration (IEP) method of IRT equating. In addition, these
fitems exhibit instances of nonmonotonic empirical item—ability regressions,
when the keyed response is option B or E. .Due to the planned major
overhaul of the analytic section, this research did not focus on this
section. The analytical section was examined closely enough to confirm
the wisdom of the decision to remove the analysis of explanations item
type. More complete evidence for the wisdom of this decision is contained
in Kingston and Dorans, 1982.

Applicability of item response tﬂ-o;y equating methods. 'The aspect -
of this research with the most direct bottom-line implications is the
equating comparisons. Due to test disclosure-legislation, the current
linear method may no longer be a feasible equating procedure. A replace-
ment or supplement should be found. Item response theory equating 1is
particularly desirable because of other powerful statistical tools it
provides in addition to equating. Lord (198va) describes several of these
powerful tools that item response theory can supply to the testing world.
In this research, six different variants of item response theory true
score equating were examined. Of these 8ix approaches, the precalibration
(IEP) method holds the most promise for coping with the constraints
imposed by test disclosure legislation. Unfortunately, it is the IRT

equatings of form 3CGRl. The other sections of the Aptitude Test do not
show this practice effect, but a subtle effect that causes a systematic
scale drift might exist. Consequently, the susceptibility of particular
item types to practice effects determines, to a large extent, the
feasibility of using the IEP method for equating.

While a companion report describes practice effect in detail, a
summary of these findings suffices for our purposes of assessging. the
feasibility of using the IEP method of IRT equating on the GRE Aptitude
Test. The discrete verbal item type is not susceptible to practice
effects. The reading comprehension item type shows evidence of a possible
fatigue effect. While the analysis of explanations items are very suscep-
tible, neither logical diagrams nor analytical reasoning items are very
susceptible. Wone of the quantitative item-types appear to be susceptible
to practice effects.

In sum, the item response theory model and the precalibration method
of IRT equating are most applicable to verbal item types, less applicable
to quantitative item types because of dimensionality problems with data
interpretation items and instances of nonmonotonicity for quantitative
comparisons items, and least applicable to the existing analytical item
types because of the severe practice effects associated with the analysis
of explanations item type and its other problems. Planned revisions of
the analytical section, particularly the removal of the troublesome
analysis of explanations item type, should enhance the fit and applicability
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, @

of the three-parameter model to the analytical scale. Planned revisions
to the verbal section are not expected to affect greatly the satisfactory
fit of the model to verbal item types. It ig unlikely that planned
revisions will improve the appropriateness of IRT methods for the
heterogeneous quantitative scale. A fuller understanding of the workings
of this rather complex scale is needed.

-~
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Appendix A

" Score Conversion Tables for Various
Equatings of the Verbal, Quantitative
and Analytical Sections of Forms ZGR1,
K-ZGR2, K~-ZGR3, and 3CGR1




Table A.1l : .

Score Conversion Table for Verbal Scale of
Form ZGR1 (2/80) :

w\fom& FREQ 1AL IALH 1ALV LA
— 80.00 0.0 846.11  B46.11 B46.11  846.12°
R 79.00 - 3.00 838.49 838.58 838.57 838.33
D 78.00 7.00 830.64 831.07 831.00 830.56
Ll o . 77.00 2,00 822.48 823.35 823.13 822.76
e 76.00 9.00  814.23 815.55 815.10 814.97 .

o 75.00 10.00 806.04 807.72 807.02 B807.18
R 74.00 17.00  797.93 1799.92 798.96 799.39
73.00 14.00 789.92 7192.14 790.93 791.61
72.00 12.00 781.98 784.40 782.94 783.82
71.00 26.00 T74.12 776.67 T74.99 776.03
70.00 34.00 T766.31 768.96 T767.08 T768.24
69.00 39.00 758.56¢ T61.26 759.19 T760.46 |
68.00 40.00 750.80 -753.55 T51.32 T7152.67
67.00 264.00  T743.09 T45.85 T43.4T  T44.8R . _
66.00 56.00 735.40 738.14 735.62 737.10 >
65.00 $5,00 T27.73 7130.42 T127.77 129.31
64.00 70,00 720.07 722.69 T19.92 721.52
63.00 63.00 T12.42 Tl4.95 71208 713.73

62.00 52.00 704.78 707.20 704.23 705.95
61.00 78.00 697.14 699.44 696.38 698.16
60.00 72.00 6R9.50 691.66 688.54 690.37

59.00 88.00 681.R6 683.88 680.69 6R2.5R
58.00 88.00 674.22 676.08 672.86 674.80
57.00 86.00 666.57 668.27 665.03 667.01
56.00 |, 95.00 658.93 660.46 657.21 659,22
55.00 103.00 651.27 652.63 649.461 651 .43
54.00 107.00 643.61 644,80 641.62 643.65
53.00 129.00 635.95 636.96  633.85 635.86
52.00 122.00 628.28 629.12 626.11 628.07
51.00 143.00 620.60 " 621.26 618.39 620.28
’ 50.00 132.00 612.92 613.41 610.69 612.50
49.00 140.00 605.22 605.54 603.02 604.71
48.00 129.00 597.52- 597.68 595.38 596.92
47.00 178.00 589.81 589.81 587.75 589.13
46.0)0 177.00 - 582.09 581.93 580.15 5681.35
45.00 151.00 574.36 574.65 572.58 573.56
4%4.00 162.00 566.63 566.17 $65.01 565.77
43.00 173.00 558.87 558.29 557.47 557.98
42.00 183.00 551.11 550.41 549.94 550.20
41.00 174.00 543.33 542.52 562.42 542.41
40.00 207.00 535.54 534.63 534.90 534.62
39.00 158.00 527.73 526.764 .%527.39 526.84
38.00 196.00 519.91 518.65 519.88 519.05
N 37.00 177.00 512.07 510.95 512.37 511.26
36.00 194.00 504.21 503.05 504.85 503.47
. 35.00 204.00 496.34 495.15 497.33 495.69
34,00 217.00 488,44 487.26 489.79 487.90
33.00 222.00 480.53 479.36 482.25 480.11 °
32.00 192.00 472.61 471.46 474.70 472.32
. 31.00 190.00 464.66 463.57 467.14 4646.54
. 30.00 199.00 456.69 455.68 459.57 456.75
29.00 192.00 448,72 46T7.79 451.98 468.96
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g Table A.l continued

Score Conversion Table for Verbal Scale of
Form ZGR1l (2/80)

K4

1 &

28.00 189.00 440.72 439.90 444.39 441.17 ' .

27.00 173.00 432.71 ©32.02 ©36.78 433.39

26.00 187.00 4264.69 424.14 429.17 ©2%.60

25.00 . 170.00 416.65 416.27 421.54 417.81

264.00 153.00 408.60 408.40 413.90 ©10.02

- 23.00 148.00 400.54 400+54 406.25 ©02.26
22.00 157.00 392.46 392.69 398.60 396,45
21.00 136.00 386.38 384.84 390.93 386.66
20.00 130.00 376.29 3717.00 383.24 378.87
19.00 121.00 368.19 369.16 375.55 371.09
18.00 113.00 360.09 361.33 367.84 363.30
17.00 93.00 351.98 353.51 360.12 355.51
16.00 107.00 343.87 345.70 352.38 347.73
15.00 96.00 335.77 337.89 344,63 339.94
14.00 109.00 327.66 330.10 336.086 332.15
13.00° 82.00 319,57 322.31 329.06 326.36
12.00 $9.00 311.49 314.54 2%;:35 316.56
11.00 67.00 303.42 306.78 31735e1 308.79
10.00 66.00 295.38 299.04 305.54 301.00
9.00 58.00 287.36 291.32 297.64 293.21

8.00 42.00 279.137 283.61 289.70 205,43

7.00 46.00 271 .41 275.91 281.73 277.64

6400 51.00 263.49 268.23 273.73 269.85
5.00 38.00 255.63 260.56 265.69 262.06

4.00 50.00 2647.81 252.89 257.61 254,28

3,00 38,00 240.064 2645.23 269.51 246,49

2.00 21.00 232.33 237.55 2641.39 238.70

1.00° 37.00 226.67 229.86 233.25 230.91

- 0.0 28.00 217.06 222.13 225.08 223.13
-1.00 15.00 209,45 214.35 216.86 215.34

-2.00 19.00 201.42 206.42 208.45 207.5S

-3,00 7.09 193.76 198.35 200.13 199.76
-4.00 9.00 186.11 190.60 192.36 191.98
-5.00 3.00 l78.65 lOZ.Ob la‘obo_ lah.IQ
~6.00 4.00 170.80 175.11 176,86 176.40
. -7.00 1.00 163.14 167.37 169.07 168.61
_ =8.00 1.00 155.49 159.62 161.31 160.83
" =94 00 1.00 147.83 151.88 153.55 153,064 -
-10.00 0.0 140.18 164,13 145.79 145.25
-11.00 . 09 132.52 136,39 138.02 137.47
-12.00 1.00 174.86 128.64 130.26 129.68

]




Score Conversion Table for Verbal Scale of

RAW SCORE FREQ

80.00

" 79.00

78.00
77.00
76.00
75.00
74.00
73.00
72.00
71.00
7000
69.00
68.00
67.00
66.00
65.00
64.00
63.00
62.00
61.00
60.00
59.00
58.00
57.00
56.00
55.00
56.00
53,00
52.00
51.00
50.00
49.00
«8.00
47.00
46.00
45.00
46.00
43.00
42.00
41.00
40.00
39.00
38,00
37.00
36.00
35.00
34.00
33.00
32.00
31.00
30.00
29.00

0.0
1.00
5.00
5.00
7.00
14.00
25.00
18.00
19.00
26.00
22.00
33.00
39.00
38.00
41.00
51.00
53.00
64.00
61.00
62.00
79.00
106.00
102.00
93.00
101.00
113.00
135.00
132.00
140.00
128.00
146.00
140.00

. 150.00

171.00
156.00
193.00
190.00
172.00
187.00
201.00
179.00
187.00
232.00
220.00
202.00
187.00
215.00
209.00
204.00
181.00
175.00
221.00

1AL

866.11
839.75
830.95
821.%2
a12.17
803.06
794.21
785.60
77716
768.89
760.74
752.69
T66.72
736.82
728.97
721.16
713.37
705.60
697. 8%
690.06
682.28
674.49
666.68
658.85
651.00
643.13
635.23
627.31
619.37
611.41
603.43
595.42
587.43
$79.41
571.39
563.36
555.33
547.30
539.27
531.26
523.21
515.18
507.16
499.14
491.13
483,12
475.12
467.13
459.15
451.18
463.22
435.27

Table A.2
Form K~ZGR2

1AW 1ALH

846.11  B846.11
840.264 839.09
831.81 829.76
823.13  819.87
814.72 810.16
806.62 800.80
798.75 791.77
791.06¢  783.04
783.45 774.57
775.92  766.30
768.43  758.19
760.96  750.23
753.47  7642.39
7645.96  734.6)
738.41  726.94
730.83  719.31
723.20  T11.72
715.53 7064.15
707.80 696.60
700.02 689.05
692.18  681.49
684.28 673.92
676.33  666.34
668.33 658,72
660.27 651.08
652.16  663.40
644.01  635.60
635.81 627.9)3
627.55 620.14
619.30 612.31
611,03  %04.64
602.73  %96.56
594.42 588.60
586.11 580.64
577.79 $72.66
569.49 5664.66
561.19 556.65
552.92 568.63
564.67 5640.60
536.45 532.57
528.26 524.56
520.10 516.5%
511.98 508.56
503.90 500.59
495.86 492.65
487.83  486.73
479.85 476.84
471.91  468.98
463.99  461.15
456.10 453.35
448,26  445.98
460.41 437.864

taLy

846.11
839.07
829.67
819.55
809.54
799. 86
790.%3
781.54
772.83
764.35
756. 06
747.93
739.94
732.05
T726.24
716.50
708.061
70wl 5
693.52
685.91
678.30
670.69
663.09
655.48
647.86
640.23
632.59
624.94
617.28
609.62
601 .96
594.27
586.9%9
578.91
571.24
563.57
555.90
548.24
540,59
532.95
525.32
s517.70
510.10
502.51
494.9
© 487,38
©79.85
472.33
464.82
45734
449. 06
442,40

LA

846.62
838.69

$30.76;

822.83
814.91

806.98
799.05
791.12

783.19
775.27

767.34
759.41

751.48
743.55%
735.62
727.70
719.77
Til.864
703.91

695.98
688.06
680.13

672.20
664.27
656.34
648.42

640.49
632.56
624.63
616.70
608.78
600.85
592.92
584.99
577.06
%69.13
561.21

$53,28
565.35
537.42
529.49
521.57
513.64
505.71

497.78
489.85
481.93
474.00
466.07
456.14
450.21
442.29

127




28.00
27.00
26.00
25.00
264.00
23.00
22.00
21.00
20. 00
19.00
18.00
17.00
16.00
15. 00
14.00
13.00
12400
11.00
10.00
9.00
8.00
7. 00
6.00
5.00
4.00
3.00
2.00
1.00
0.0
“l. 00
-2.00
“3. 00
-4.,00
‘5.00
-6.00
-7.00
-8.00
-9.00
-10.00

v

Table A.2 continued

Score Conversion Table for Verbal Scale .of

Form K-ZGR2
171.00 427.34 432.60 ~ #30.12
190,00 419.42 424.81 422.43
166.00 411.53 417,06 414.76
191.00 403.66 409.35 407.11
169.00 395.83 401.67 399.48
134,00 388.02 394.04 391.88
128.00 380.26 386.46  384.29
128.00 372.564 378.92 376.73
126.00 364.86 371.45 369.19
106.00 357.26 364.04 361.068
116.00 349.68 356.69 3%4.21
119,00 342.17 349,40 346477
98.00 334.73 342,17 339.37
80.00 327.35 335,00 332.03
71.00 320.03 327.87 324.74&
69.00 312.78 320.77 317.50
76.00 305.58 313.71 310.33
46,00 298.44 306.65 303,22
©9.00 291.34 299.61° 296.17
53,00 284.29 292.56 289.18
65.00 277.27 285.%0 282.25
36.00 270.28 278.43 275.38
39,00 263.29 271.32 268.5%
£3.00 ...256.30 26&4.19 261.73
30,00 262.27 249,79  248.12
32.00 235.21 :2%2,52 241.29
16.00 228.1 235,23 234.42
19.00 220.98 227.89 227.50
13.00 213.83 220.51 220.54
19,00 206.38 212.79 213.57
6.00 198.46 205.60 206.60
10.00 190.71 197.69 198.79
4.00 182.96 189,78 190.81
3.00 175.21 181.87 182.83
3.00 167.46 173,96 174.85
1.00 159.71 166.05 166.87
0.0 151.96 158.14 158,89
0.0 144.21 150.23 150.91

434 .95
427.51
420.07
412.64
405,22
397.80
390.39
382.98
375.58
368.19
360.81
353,45
346.10
338.79
331.49
3264.23
316.99
309.79
302.60
295 .45%
288,31
281.17
274.05
266,91
25%9.76
252.57
2645.35
238,08
230.76
223.41
216.064
2008.64
200.57
192.57
186.57
176.57
168.57
160.57
152.58

434.36
426.43
418.50
410.57
402.64
394.72
IR6.T9
378.86
370.93
363.00
355,08
‘347.15
339,22
331.29
323.36

315.66

307.51
299.58
291.65
283.72
275.79
267.87
259.96
252.01
264.08
236.15
228.23
220.30
212.37
204 .44
196.51
18R.59
180.66
172.73
164.80
156.67
148.95
161.02
133.09
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28.00
27.00
26.00
25.00
24.00
23.00
22.00
21.00
20.00
19.00
18.09
17.00
16.00
15.00
1¢.00
13.00
12.00
M .00
10.00
9.00
A.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.0.
-1.00
-2.00
-3.00
-¢.00

-5.00-

-6.,00
-T7.00
-8.00
-9.09
~10.00

467.00
421.00
426.00
410.00
390.00
395.00
280.00
28J.00
265.00
202.00
214.00
195.00
168.00
163.00
153.00
143.00
119.00
115.00
113.00
97.00
88.00
58.00
68.00
54.00
48.00
53.00
29.00
30.00
26.00
11.00

Table A.3 coﬁtinued

Score Conversion Table fér Verbal Scale of

422.18
413.71
405.27
396.84
388.45
380.09
371.79
363.55
355.38
347.30
339.32
331.44
323.67
316.02
10%.50
30l.10
293,83
296.68
279.66
272.74
765.93
259,22
252.62
246.11
239.70
233.41
227.26
221.29
215.58
210.25
205.14
197.40
189.66
181.92
1764.18
166.44
158.70
150.96
1643.22

419.70
411.62
403.19
395.02
386.92
378.89
370.9%
363.10
3%5.33
347.66
340.09
332.60
325.22
317.92
310.72
303.60
296.58
289.63
282,19
276.03
269.16
262.18
256.28
249.86
243.53
237.30
231.19
225.27
219.66
214.70
210.09
202.24
194,40
186.56
178,72
170.88
163.04
155.20
147.36

Form K-ZGR3
N——

421.47 420.44
413.02 4l12.17
404.59 403.95
396.18 395.77
387.80 387.63
379.46 379,53
371.17 371.48
362.95 363.48
354.80 355.564
346.74 3647.67
338.77 339.89
330.91 332.19
323.16 324.59
31%.54¢ 317.11
308.064 309.74
300.66 102.50
293.42 295.39
286.29 28R.41
279.29 281.56
272.40 274.83
265.61 268,22
258.94 261.71
252.36 255.29
245.88 248,96
239.51 242.70
233.25 236.52
227.17  230.42
221.20 224.41
215.52 218.56
210.22 212.9%
205.14 207.72
197.40 202.46
189.66 194.62
181.92 186.78
174.18 178.95
166.44 171,11
158.70 163.27
150.96 155.43
143.22 147.59

425.58
417.56
409.57
401.60
393.69%
385.72
377.82
369.96
362.13
354.34
346.61
338.9%
331.3%
323.83
316.40
309.06
3ol.61
294.66
287.9%9
280.61
2713.71
266.R9
260.14
253.46
246.84
240.30
233.84
227.50
221.32
215.38
209.8)
204.25
196.40
188.5%4%
180.68
172.82
166.96
157.41
149,25

422.77
414.57
406.04
396.97
387.93
378.93
370.12
362.04
353.84
346.13
33a8.80
331.54
324.45
316.88
308.59
300.62
293.34
285.68
276.77
269.07
262.43
2%5.99
249.6)
2642.53
235.84
228.60
221.85
214.87
205.36
194.79
186.83
180.88
177.00
170.13
161.31
140.01
140.01
~140.01
t40.01

425,97
417.49
409.00
400.52
392.04
383.56
375.07
366.59
358.11
349.62
381,14
332.66
324.17
315.69
307.21
298,72
290.24
281.76
273.27
264,75
256.31
2647.82
239.34
230.86
222.%7
213.99
205.41
196.92
168.44
179.96
171.48
162.99
154,51
146.03
137.56
129.06
120.5%8
112.09
103.61




‘ . 130
Table A.3
~ Score Conversion Table for Verbal Scale of
Form K-ZGR3
RAW SCORE FREQ IAL 1AW TaL2 WAI.H IaALY - EE LE ' .

80.00 1.00 866.11 846.11 B46.11 B846.11 846,11 845.61 867.10
79.00 1.00 838.93 840.06 B830.89 839.65 839.63 B84l.47 858.61
78.00 13.00 0831.44 833,06 0631.36 833.13 833,09 A832.47 850.13
77.00 l.00 826,29 826.49 824.17 B826.70 826.55 826.28 841.65
76.00 15.00 817.30 820.12 B817.13 B820.16 819.85 819.52 833.16
75.00 28,00 Al0.33 B813.78 B810.12 813.42 812.91 808.96 824.68
74.00 31.00 803.30 8607.33 803.05 806.47 A05.73 0B801.68 B8l6.20
73.00 46.00 796.16 800.70 795.88 799,29 1798.31 794.61 807.72
72.00 21.00 788.90 793.86 788.58 791.90 790.67 788.87 1799.2)3
- 7l.00 53.00 781.50 786.80 78l.14 786.32 7T82.86 782.%56 190.75
7Q.00 60.00 T73.97 T79.50 773.57 776.57 7764.88 7T74.25 17182.27
69.00 78.00 766.31 .T71.99 765.87 768.68 766.79 766.57 773.78
68.00 102.00 758.55 764.29 758.07 760.68 758.61 758.13 765.30
67.00 86.00 750.69 756.42 750.18 752.62 750.37 7%50.66 756.82
66.00 99.00 7T42.76 T48.40 742,22 T44.49 T42.08 744,06 748.33
65.00 111.00 734.76 760.25 734.19 736.33 T733.78 737.08 739.85
664.00 129.00 726.71 732.006 726.11 728.14 72%.45 729.90 731.37
63.00 141.00 718.60 T723.67 717.98 719.92 7Ti17.12 722.33 722.8n .
62.00 157.00 T10.646 715.26 709.81 711.69 708.78 714.57 714.%0
61.00 181.00 ,702.27 706.79 T701.60 703.46 T00.4% 705.83 705.92
60.00 175.00 694,06 698.27 693.35 695.17 692.08 697,46 697,43
59.00 199.00 6A5.77 689.69 685.07 686.8080 683.72 6R9.95 688.95
58.00 223.00 677.46 68l.07 676.74 678.564 675.33 682.38 680.47
57.00 193,00 669.12 672.40 $68.37 670.18 0666.94 675.40 671.98
56.00 249.00 660.73 663.69 659.97 661.78 658.53 668.05 663.50
55.00 259.00 652.30 654.96¢ 651.53 653.364 650.11 659.82 655.02
54,00 329.00 663.846 646.15 643.06 644.85 641.67 651.18 646.53
53,00 314.00 635.35 637.33 634.55 636.32 633.22 641.90 638.05
: 52.00 311.00 626.83 628,47 626.02 627.74 6264.75 633.12 629.%57
’ 51.00 336.00 618.28 619.61 617.47 619.12 616.28 624.40 621.08
50.00 395.00 609.72 610.72 608.90 610.45 607.81 615.19 .612.60
49.00 427.00 601.15 601.83 600.33 601.76 599,34 605.75 6064.12
48.00 399.00 592.57 592.92 591.74 593.03 590.87 596.97 595.64
47.00 418.00 583.99 5864.02 583.16 584.28 582.42 9588.73 507.15
46.00 470.00 S575.41 S575.13 576.58 575.51 573.97 580.06 578.67 !
45.00 423.00 566.86 566.25 566.01 %566.72 56%5.56¢ 571.82 570.19
44,00 494.N00 558.28 557.38 557.45 557.93 557.13 563.49 561.70
83.00 528.00 549.72 568.56 564R.90 549,16 548.73 554,31 553,22 -
42.00 465,00 541.18 539,72 540.36 560,36 540.36 3545.69 544.74 .
41.00 506.00 532.64 530,93 531.83 531.58 532.00 537.64 535.25
40.00 567.00 526.12 522.17 523.31 9522.82 523.67 529.02 527.77 !
39.n0 551,00 515.60 513.64 514.80 514.09 515.36 520.41 519.29
38.00 542.00 507.09 504.7¢ 506.29 50%5.38 507.97 Sll.86 510.80
37.00 $525.00 498.59 496.08 &497.80 496.71 498.80 503.28 502.32
36.00 573.00 690.09 487.45 489.30 488.07 4£90.57 494.76 493.84
35.00 596.00 481.59 &4TR.86 480.82 479.46 482.35 &R5.47 485.35 S
34,00 561.00 _ 473,10 470.30 472.33 470.90 474.16 476.28 476.87 .,
33.00 582.00 464.60 &61.77 463.85 #62.38 466.00 467.14 468.39 i
32.00 518.00 4561l 453,27 455.36 653.91 457.87 457.90 459.90
31.00 528.00 447.62 &64.82 &46.89 &4465.6T7 469,76 448.T6 451.42
30.00 476.00 639.14 636.40 438.46]1 637,09 441.68 439,63 462.94%
29.00 447.N0 &30.65 428.02 429.94 428.T76¢ 433.62 431.00 434.45

ERIC &




69.00 20.00 798.05 794.07 792.82 791.62 798.34 781.64
68.00 28.00 790.06 785,43 T784.42 782.96 785.78 173.63
67.00 15.00 781.95 776.78 776.07 T74.37 775.83 T165.62
66.00 21.00 773.69 768.13 167.73 765.82 169.98 757.61
65.00 48.00 765.29 759.47 759.41 757.30 T61.44 749.59
64.00 49.00 756.76 750.82 751.10 T48.82 752.67. T641.%8
- 63.00 56.00 T748.13 742.19 742.80 + T740.36 T41.88 733.57
62.00 37.00 739.42° 733.59 734.52 731.94 734.23 725.56
&1.00 85.00 730.63 725.02 726.25 723.54 T726.67 T17.55
60.00 79.00 721.81 T16.48 718.01 715.18 T17.85 709.53
59.00 74.00 T12.96 707.98 T09.77 T706.84 T709. 86 T701.52
58.00 100.00 704.10 699.51 701.55 698.52 701.10 693.51
57.00 70.00 695.24 691.08 693.34 690.23 693.87 685.50
56.00 127.00 686.39 682.67 - 685.13 681.96 686.32 677.49
55.00 114.00 677.55 674.28 676.92 673.70 677.26 669.47
54.00 131.00 668.73 665.90 668.70 665.46 667.91 66l.406
53.00 148.00 659.93 657.54 660.47 657.22 658.89 653.45 .
52.00 147.00 651.16 649.19 652.22 6648.99 649.56 645.44
51.00 170.00 6642.42 640.85 643.95 640.77 640.53 637.41
- 50.00 186.00 633.70 632.51 635.65 632.56 . 631.67 629.41
49.00 189.00 625.01 624.17 627.32 624,34 622.24 621.40
48.00 202.00 616.35 615.83 618.96 616.13 613.54 613.39
47.00 215.00 607.72 607.50 610.57 607.93 604.95 605.38
46.00 248.00 599.13 599.17 602.15 599,72 595.39 597.37
45.00 209.00 590.57 590.83 593,70 591.52 586.80 589.35
44.00 222.00 582.06 5682.51 585.22 563.33 579.41 501.34 -
43.00 273.00 573.55 574.18 576.73 575.14 571.15 573.33
42.00 254.00 565,11 565,87 568.21 566.97 562.81 565.32
4€1.00 2864.00 556.70 557.56 559.66 558,80 554.59 557.31
40.00 325.00 5648.34 549.26 551.14 550.64 5645.57 5649.29
39.00 304.00 540.02 540.98 542.61 5642.51 536.83 541.28
38.00 325.00 531.75 532.71 534.09 534.38 ;| 528.89 $33.27
37.00 294.00 523.53 5264.46 525.57 526.28 ' %21.20 525.26
36.00 326.00 515.36 516.24 517.08 '518.20 . 513.28 517.25
35.00 337.00 507.23 508,04 5n8.62 510.15 ' 505.05 509.23
34.00 330.00 499.14 499.07 500.19 - 502.13 , 496.97 501.22
33.00 355.00 491.10 491.72 491.80 494.13 489.00 493,21
32.00 339.00 4083.10 ©83.60 483,45 ©%.16 481.21 485.20
31.00 345.00 475.13 475.51 €75.14 ©78.22 473.47 477.19
30.00 357.00 467.20 46T7.44 466.87 470.30 4(5.50 469.17
29.00 359.00 459.29  4£59.39 458.64 462.41 457.62 461.16
28.00 343.00 451.41 451.37 450.44 $564.54 449,85 453.15
27.00 352.00 4©43.55 463,36 442.29 446.69 442.37 445.14
26.00 330.00 435,70 435.37 ©34.16 438,86 434,91 437.13
25.00 364.00 427.85 427.39 426,07 431.03 426.84 429.11
| . 24.00 340.00 420.01 419.42 417.99 423.21 418.98 421.10

i Table A.4
/’\|
Score Conversion Table for Verbal Scale of ‘
- . . Form 3CGR1 » - 1
RAW SCORES  FREQ 1EP 1ES 1ESH 1ESY €E LE
75.00 1.00  846.11  846.11  846.11 B846.11 836.46 829.7
74.00 3.00 838.20 838.90 838.01 837.99 829.66 821.7
73.00 4.00 B8329.83 829.68 82A.2% 828.13 822.42 813.69
12.00 2.00 821.72 820.48 818.8T 818.53 B818.69 805.68
* 71.00 7.00 813.80 811.53 809.95 809.32 B813.94. 797.67
70.00 11.00 805.94 802.76 801.30 800.38 807.83 789.65




23.00
22.00
21.00
20.00
19.00
18.90
17.00
16.00
15.00
14.00
13.00
12.00
11.00
10.00
9.00
8.00
7.00
6. 00
5.00
©.00
3.00
2.00
1.00
0.0
-1.00
-2.00
-3.00
-4.00
-5.00
-6.09
-T.00
-R.00

Score Conversion Table for Verbal Scale of
Form 3CGR1

_Table A.4 continued

4l11.46
403.51
395.56
387.62
379.68
371.75
363,83
355.92
348.01
340.10
332.19
324.27
316.33
308.37
300.38
292.35
284,28
276.17
268,02
259.84
251.65
263,48
235.3¢
227,26
219.22
211.05
202.11
194.01
185.90
177.80
169.70
161.59

409.9¢
401.91
393.89
385.88
377.89
369.90
361.93
353.97
346,02
338.08
330.15
322.26
314.33
306.44
298.55
290.67
282.79
274.91
267.06
259.16
251.30
243,44
235.62
221.86
220.18
212.57
206,31
196.01
187.86
179.66
171.49
163.32

©15.40
407.58
399,77
391.96
3IRe.12
376.28
369.43
360.57
352,70
344482
336.91
328.99
321.06
311.06
305.06
296.97
288.86
280.69
272.68
266,22
255.93
2647.62
239.35
231.14
223.03
216,97
20¢.16
197.79
189.59
181,40
173.21
165.02

411.91
€06.27
396.35
388.60
380.51
372.87
365.93
359.21
352,25
344.76
337.41
330.52
323.51
315.66
308,07
300457
292.12
283.28
272.18
263.06
255.38
268,85
241,06
229,66
219,98
211.56
203,03
195.35
184.32
176.70
166,17

i 182,72

‘

413.09
405.08
397.07
389.05
381.04
373.03
365.02°
357.01
348.99
340.98
332.97
326,
3l6.
308.
300.
292.91
204.9
276.8
2668.8
260.8
252.8
264,84
236.83%
ZZO.UI}
220.80
212.719

~N W W

206.78 !

196.77
188.75

180.74 °

172.73
166.72

132




Table A.5

'

Score Conversion Table for Quantitative Scale of
Form ZGR1 (2/80) T,

. N

* RAW SCORES FREQ 1AL LA ) : i
55.00 3.00 883.14 883.15
54 .00 6.00 870.44 870,49 o
’ 53.00 5.00 857.91 857.82 i
“ 52.00 19.00 065.58 AeS5.16 "

51.00 27.00 833.30 832.49
50.00 32.00 820.96 819.83

43.00 105.00 732.42 731.17
42.00 121.00 T19.73 718.50
41.00 147,00 707.07  70%.84
40.00 137.00 69%.46  693.17
- 39.00 170.00 681.85 680.51
38.00 176.00 649.29 667.86
37.00 202.00 656.76 655.18
36.00 202.00 6464.27 642,51
35.00 214.00  631.79  629.86
364.00 251.00 619.32 617.18
33.00° 240.00 606.86 604.51
‘ 32.00 281.00 594 .40 591 .A5
31.00 273.00 5%1.93 S79.18
© 30.00 119.00 569.44  566.52
. 29.00 312.00 556.94  553.85
28.00 304.00 544.40 Sel.19
27.00 331.00 531.8%  528.52 .
26.00  341.00  519.23  515.8%
25.00 317.00 506.57 503.19 .
24.N0 304.00 49%. A0 490.52 . -
23.00 311.00 48}.09 &77.86
22.00 285.00 468.24 465.19
21.00 270.00 455.33  452.53
20.00 277.00 442.36  439.A6
19.00 273,00  429.34 427,20
\ 18.00 236,00 416.28 416.53
17.00 207.00 403.20 401.87
16.00 189.00 390.14 389,20
15.00 159.00 377.10 376.%3
16.00 139.00  364.11  363.87

- 49.00  47.00 808.50 807.16

4R.00 34.00 795.94 794.50 .

47.00 72.00 783.29 781.83 : .

46.00 70.00 770.58 769.16

45.00 109.00 757.86 7%6.50

44.00 73.90 7645.13 . 743.8)
|
|
|

13.00 109.09 3s5t.18 351.20 .-
- 12.00 120,00 33,31 330.%4
s 11200 106.00 325.51 32%.07
10.00 102.00 312.75% 313.21 .
9.00 68.00 300.04 300.54 .
‘ 8.00 48.00 . 2A7.37 2RT. A8

7.00 48.00 2T4.74 2715%.21
+.03 53.00 262.14 262.54
5. 00 55.00 249.57 249,68
4.00 33.00 237.06 237.21
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<L i Table A.5 continued . o ' S
. . . : . e
\ Score Conversion Table for Quantitative Scale of
< ~ Form ZGR1 (2/80)
. . ' ., '
\ “") '
/ .~ . . R i -
: . 2.00 37.00 212.20 211.88
1.00 24,00 199.85 199,22
! ‘ 0.0 33.00 187053 186055 ! .
‘ . Lo -1.00- . 8,00 175.17 - 173.89 -
-2.00 ‘ 8.00 162011 161022 C
_ . -3.,00 4.00 150,01 148.56
« . i ' , ~4,00 " T . 2,00 137.15 135.89 R
. ! ) . - "6.00 0.0 R lll." 110056
: - =T7.00 © 1.00 - 99.03 97.89 . ’ .
s R ' . . -84 00 0.0 86432 ) 85.23 . ) . )
- : ~9.00 0.0 13.62  12.56
; ’ -10.00 0.0 60.91 59.90
i ] ) ; .
. =,
) s i
lou .

ERIC | : a




RAW SCORES

< ' 55.00
: . 54.00
53.00

52.00

- . . 51.00
‘ _ 50.90

’ © 49.00

48.00

47.00

: 44.00

. 45.00
44.00

43.00

R . i ’02;00

) 41.00

40.00

-39.00

38.00

. - ) 37.00

‘ 30.00

35.00
34.00
' 33,00
. b, N 32.00

3[.00

30.00

29.00

28.00

27.007

26.00

25.00

‘' 24.00

23.00

’ 22.00

21.00

20.N0

19.00

. 18.00

17.00

16.00

15.00

- ‘ i 14,00
13.00

‘ { 12.00
,’ . 11.00
10.00

9.00

8.00

7.00

6.00

5.00

4.00

o

Table A.6

Form K-ZGR2
FREQ 1AL
5.00 883.14
16.00 861.69
6.00  845.64T

27.00 830.89

36.00 816.77

60.00 B802.76

60.00 788.83

48.00  775.05

88.00 ~T61.50

97.00 T748.23

115.00  735.24’
74.00 122.52
113.00 T710.04
136.00 697.75
177.00 685.62
142.00 673.60
169.00 661.68"
208.00 649.82
220.00 638.04
215.00 626.32
216.00 614.70
246.00 603.19
268.00 S591.81
268,00 580.58
271.00 569.49
290.00 558.55
297.00 547.74
327.00 537.03
277.00. 526,39
298.00 515.77
337.00 S0S5.11
308.00  494.36
285.00 48345
258.00 472.33
266.00 460.94
260.00 449.23
233.00 437.16
216,00, 424.T0
224,00 411.85
197.00 398.62
146.00 385.0D4
148.00 3TL.16
127.00 357.03

96.00 342.70

95,00 328.22

90.00 313.65 ¢

66.00 299.03

57,00  2B4.4%

66.00 269.97

38.00 255.75

€600 241.93

30.00 22B8.65

-

LA

867.30
854.87
842.45
830.03
817.60
805.18
792.75
780.33
- T67.91

755.48

730.64
718.21
705.79
693.37
680.94
668.52
656.09
643.67
631.25
618.82
606.40
593.98
581.55
569.13
556.70

. 544.28

531.86
519.43
597.01
494.59
482.16
469.74
457,31
444,89
432.47
420.04
407.62
395.20
3R2.77
370.35

357.93°
345.50-

333.08
320.65
308.23

295.81°

283.38
270.96
258.54
246.11

™ Score Conversion Table for Quantitative Scale of

4

135
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Table A.6 continued - | A

Score Conversion Table for Quantitative Scale of
. Form K-ZGR2 : !

3.00 35.00 216.06 221.26

2.00 ' 29.00 204.27 208.84% -
1.00  17.00° 193.34 196.42
0.0 11.00 183.24 183.99

-1.00 .00 173.93  171.57°"

-2.00 .00 165.29 159.15 -

-3.00 2.00 157.09 146.72

~4.00 3.00 148.06 134.30

-5.00 0.0  134.24 121.88

-6.00  1.00 - 121.08  109.45 :

-8.00 0.0 9 .77  84.60

-9.00 0.0 8l1.61  72.18

q -10.06 0.0 68.45  59.76
» o
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Table A.7
Score Conversion Table for Quantitative Scale of
Form K-ZGR3

RAW SCORES FREQ 1AL TAL2 LE
55.00 4.00 883.14 883.14 842.40
54.00 6.00 848.18 849,67 830.81
$3.00 3.00 828.04 830.17 819.21 ¥
52.00 10.00 811.64 814.26 807.61
$1.00 14.00 796.78  799.75 796.02
$0.00 25.00 782.73 785.94 784.42
49.00 21.00 769.17 7172.54 772.82
48.00 29.00  755.99 759.42 761.23
47.00 38.00 743.14  T46.57 749.63
46.00 43.00 730.59 733.98 738.03 s
45.00 42.00 718.33  T21.64 T26.44 .
44,00 52.00 T06.34 709.55 T14.B84
43.00 46.00 694.61 697.69 703.24 . : i}
%2.00 66.00 683.10 686.05 691.65 - -
41.00 64.00 6Tl1.80 674.60 680.05 ) -
40.00 66.00 660.68 663.33  668.45
39.00 87.00 649.72  652.20 656.86
38.00 103.00 638.91  641.22  645.26
37.00 98.00 628.22 630.35 633.66
36.00 104.00 617.66 619.61 622.07
35.00 86.00 607.21 608.97 610.47 )
34.00 112,00 596.87 598.44 598.87 .
33.00 1264.00 586.63 588.01° 587.28
32.00 120.00 576.49 577.68 575.68
31.00 110.00 566.42 567.42 564.98
30.00 125.00 556.42 557.22 552.49
29.00 154.00 S546.44 S547.07 540.89
26.00 150.00 536.47 536.91 * 529.29
27.00 146.00 526.46 S26#T2 517.70
26.00 160.00 516.38 Sl€.46 506.10
25,00 161.00 S506.18 S506.09 494.50 N
24.00 - 152.00 495.83  495.55  482.91 -
23.00 150.00 485.28 4864.82 471.31
22.00 145.00 474.50 473.85 459.71
21.00 166.00 463.48 462.63 448.12°
20.00 145.00 452.20 451.15 436.52
19.00 138.00 440.68 439.42 424.92
18.00  145.00 428.94 427.48 413.33

T 17.00 142.00 417.06 415.38 401.73
16.00 140.00 405.01 403.16 390.14 n
15.00 120.00 392.93 390490 378.54 ) . .

14.00 121.00 380.84 378.64 366.94 B :
13.00 92.00 368.78  366.42 355.35

12.00 90.00  356.76  354.26., 343.75
11.00 88.00 344.79 342.16° 332.15 -
10.00 63.00 332.85 330.11 320.56
9.00 73.00 320.91 318.08 308.96
8.00 63.00 308.92 30¢.Q01 297.36 4 .
7.00 49.00 296.85 293.88 285.77 .

6.00 44.00 2R4.65 28l1.64 274.17 . : e,
5.00 30.00 272.27 269.26 262.57 ° ;

4.00 . 21.00 259.72  256.73 250.98
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Tablé A.7 continued

Score Conversion Table for Quantitative Scale of

Form K-ZGR3
Y

3.00 31.00 246.97 266,07 239.38
2.00 15.00 234,08 231.31 227.78
1.00 17.00 221.07 218.51 216.19

0.0 . 9,00 208.00 205.71 204.59
-1.00 6.00 - 194,88 . 192.93 192.99 °
-2.00 3.00 181.58 180.05 181,40
-3,00 2.00 167.Té 16672 169.80
-5.00 0.0 137.05 137.05 166.61
-6, 00 0.0 2123.97 ° 123.97 135,01
-8.00 0.0 97.79 ‘97.79 111.82
-9.00 0.0 84.70 84.70 -100.22 " .
-10.00 0.0 T1.61 71.61 88,62




-

|

Score Conversion Table for Quantitative Scale of

“t

RAW SCORE

55. 00
$4.00
53.00
$2.00
51.00
150.00
49.00
48.00
%7.00
46,00
45.00.
44.00
43.00
42.00
41.00
40.02
39,00
38.00
37.00
¥6.00
35.00
" 34.00
33.00
32.00
31.00
30.00
29.00
28.00
27.00
26.00
25.00
24.00
23%.00
22.00
21.00
. 20.00
19.00
18.00
17.00
16.00
15.00
14.00
13.00
12.00
11.00
-10.00
9. 00
8.00
- 7.00
6.00
5.00
4.00

FREQ

9.00
21.00
20.00
38.00
62.00

103;00
93.00
79.00

122.00

137.00

_161.00

146.00

183.00
203.00
224.00
238.00
233,00
238.00
252.00
305.00
278.00
321.00
322.00
354.00
. 387.00
419.00
427.00
424.00

445,00

449.00
487.00
506.00
475.00
441,00
456.00
463.00
460.00
466.00
411.00
450.00
411.00
357.00
310.00
304.00
'263.00
256.00
229.00
196.00
159.00

< 131.00

106.00
84.00

Table A.8 .
Form 3CGR1
I1EP 1ES

883.14 883.14-
859.86 861.32
839.70 841.12
820.64 822.57
801.85 804.59
783.51 787.07
765.92 770.18
749.29 754.08
733.66 738.80
718.95 724.33
705.05 T10.58
691.84 697.45
679.21 ' 684.85
667.05 672.69
655.30 660.90"
643.89 649.4)
632.79 638.25
621.96 627.33
611.38 b5l6.865
601.04 606,21
590.93 595.99
581.03 585.97
571.32 576.16
561.78 566.52
552.39 557.04
5‘3.[2 5‘7.69
533.94% 538.43
524.80 529.23
515.68_, 520.05
506,54 510.85
49T7.34 501.59
4R8.03 492.22
4T7T8.58 482.70
468,95 4©73.00
459.11 463.06
449,02 ©52.87
‘438.66 4%2.39
428.01 431.60
417.04 ©20.51
©05.76 "409.11
394.15 39].66
382.24 385.52
370.03% 371.39
357.54 36l.ll
344.79 348.70
331.79 336.20
318.55 323.63
305.08 310.99
291.39 298.28
277.49 285.48
263.45 272.59
249.34 259,61

€E

877.82
849.13
836.86
824.90
807.79
785.65
770.90
759.79
745.87
729.68
715.78
704.01
691.87
678.17

665.49

653.47
642.51
632.43
623.05
613.28
603.76
594449
5864.89
575.1¢
564295
554.57
544415
533.96
523.70
513.28
502.68
©92.13
«81,69
«71.70
“61.75
451.47

,440.56.

429.21
417.92
%$05.68
392.22
378.75
365.56
351.34
335.89
321.65
306.89
291.77
276.45
262.43
249.26
235.41

155

LE

837.06 v
825.74
8l4.43
803.11
791.79
780.47
769.16
757.84
T46.52
735.20
723.88.
“ T12.57
701.25
689.93
678.61
667.30
655.'98
‘bhb.66
633.34
622.03
610.71
" 599,39
$38.07
$76.75
565.44
554.12
5642.890
531.48
520417
508.85
497.5)
486.21
4£74.90
463.58
452.26
. 4640.94
429.67
418.31
406.99
395.67
+ 3864435
373.04.
361.72
350.40
339.08
327.77
316.45
305.13
293.81
282.49
271418
259.86 -

1

139
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Table A.8 continued

"Score Conversion Table for Quantitative Scale of

| ~ Form 3CGR1
| T
‘ -
| .
DR
‘ ~
| ' 3.00  77.00 235.26  246.56 221.81  24B.54
| 2.00 $0.00 221.35 233.51 210.46 237.22
| ’ 1.00  63.00 207.73 220.48 198.16 225.91
| ’ 0.0 37.00 194.48 207.54 180:61  214.59
| \ -1.00  24.00 181.67 196.65 167.13  203.27
- , -2.00  26.00 169.28 181.64 153.21 191,95
| -3.00 12.00 157.26 167.94 129.36  180.64
| -4.00, 3.00 146.65 151.89 115.19 169.32
‘ -5.00 4.00 134.82 .138.43 106.35 158.00
. -6.00 2.00 121.86 125.22  91.05 146.68
-7,00 0.0 108.90 112.02  91.05 135.36
-8.00 0.0 95.94  98.81  91.05 124.0%
. -9.00 0.0 82.98 85.61  91.05 1}2.73
: . » -10.00 - 0.0 70.03 72.40  91.05 101,41
|
|
| -
|
|
| .
}
. .
B 5 I
O

140
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Score Conversion T

RAW SCOPE

66.00
65.00
64.00
63.00
62.00
61.00
60.00
59.00
58.00
57.00
56.00
55.00
54.00
53.00
52.00
51.00
50.00
49.00
4A.09

47.00 .

46.00
45.00
44.00
43.00
42.00
41.00
©0.00
39,00
38,00
37.09
36.00
35.00
34.00
33.00
"32.00
31.00
30. 00
29.00
28.00
27.00
.26409
25.00
24.00
213,00
22.00
21.00
20.00
19.00
18.00
17.00
16.00
15.00

“

FREQD

0.0
1.00
7.00
1.00
11.00
17.00
30.00
68.00
41.00
83.00
76.00
109.00
170.00
126.00

~182.00

214.00
216.00
252.00
217.00
241.00
255.00
288.00
280.00
281.00
290.00
306.00
344.00
332.00
305.00
343,00
371.00
352.00
380.00
286.00
341.00
351.00
3103.00
325.00
115.00
318.00
305.00
295.00
279.00
313.00
292.00
276.00
267.00
259.00
242.00
255.00
262.00
231.00

Table A.9
Form 3CGR1
1€p 1€S

805.71 805.71
790.62 793.48
T77.32 782.63
764.85 772.58
7152.96 762.96
741.55 753.65
730.56 746.55
719.96 735.62
T109.66 726.84
699,64 T18.17
689.83 709.61
680,20 701.13
670.72 692.71
661.36 684.35
652.11 676.03
642 .94 667.75
633,684 659.49
624,81 651.26
615.84 64%.05
606.92 634.1%6
598.04 626.67
589,22 618.50
5R0.43 - 610.34
571.69 602.18
563.00 594.03
554.34 585.89
545. T4 5TT.74
537.18 569.60
528.66 561 .46
520.19 553.32
S11.77 5645.17
503.40 537.02
495,07 528.86
486.80 520.69
4T8.517 512.51
4TN.39 504.32
462.26 496.12
4564.17 487.89
446.13 4T79.65
438.14 471.39
430.18 463.10
422.21 454.79
414.39 446.46
406.54 438.09
398.72 429.69
390.92 421.26
383.15 412.78
375.38 4064.26
367.63 395.70
359,87 387.09
352.11 378.43
344.34 369.70

EE
197.55
7197.55
173.61
769.43
165.35
758.86
751.07
735.78
126.78
720.46
714.39
708.52
700.01
690.0%
682,27
674.70
667.49
659.97
651.26
643%.18
636,20
629.19
622.31
615.15
606.98
598.75
590. 85
5A2.88

575.52
566.91
556.98
548,13
539.40
531.29
522.98
513.70
505.5%0
497.58
4n9.31
480.3A
4T1.32
462.79
455,74
446.94
438,11
428.84
420.41
'412.00
403.61
364.87
385.29
376.01

157

able for Analytical Scale of

LE

813.48
804 .81
796.14
T87.48
778.861
770.14
Tol.48
752.81
Tés. 14
735.48
T726.81
T18.14
T709.48
700.81
692.14
6R3 .48
674,81
66h.14
657.48
6649.81
640.14
631.48
622.81
614.14
605.48
596.81
588.14
579.48
570.81
562.14
553,48
5464.81
536.14
527.48
518,81
510.14
501.48
492.81
4R4.14
4T75.48
466.81
458.14
449.413
46n.81
432.1¢
423 .4¢
4164.81
397.48
JeA.81
380.14
371.48

141




Score Conversion Table fo¥ Analytical Scale of
Form 3CGR1 ‘

14.00,
13.00
12.00
11.00
10.00
) 9.00
8.00
- 7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.0
-1.00
-2.00
- -3.00
-4.00
-5.00
-£.00
-7.00
-8.00
-9.00

237.00
21%.00
226.00
203.00
200.00
195.00
196.00
165.00
187.00
156,00
176.00

111.00,
117.00
95.00 :
76.00 :
58.00 '

28,00
25.00
25.00
10.00
" 5.00
0.0
3.00
3.00

Table A.9 continued

336.55. . 360.91

328.73
320,87
312.96
304.99
296.95
288.81
280.58
272.22
263.71
255.02

246.11 .

227.46
217.58
207.17
196.03

183,52
173,47
164471

155.95
147.19
138.43
129.66

362.06
343.12
334.11
325.01
315.80
306.49
297.05
287.47
277.72
267.77
257.57
247,06
236.17
224.80
212.79
199.91

185.77 -

174.79
165.96
157.14
168.}2
139,49
130.67

pa

<t

367.37
958.96
349.49
338.04
327.79
316.88
305.37
294.69
283.85
273.36
261.71
240.23
228.91
217.85
207.57
199.04
193,02
184.30

ATle12

163.76
160.84
159.09
151.44

o

362.81
356,16
345.48
336.81
328.14
319.48
310.81
302.16
293,48
286,81
276.14
267.48
258.81
250.16
241.48
232.81
226414
215.48
206.81
198.14
189.48
180.41
172.14
163.648




< Appendix B

Relative Efficiency Curves for Various
Score Scales Produced by Different IRT
Equating Methods on Forms 3CGR1l, ZGR1,
K-ZGR2, and K-ZGR3

'
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